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Beginning of the Journey 

We started work on bioceramics, in particular the hydroxyapatite (HAp) coat- 
ings, almost a decade ago at the CSIR-Central Glass and Ceramic Research 
Institute at Kolkata in India. After a preliminary study we understood that 
this subject was not only restricted within the domain of biological science, 
but also linked to multiple disciplines, such as manufacturing technology, 
mechanical engineering, nanotechnology, and finally, materials science. 
Thus, in this book. Microplasma Sprayed Hydroxyapatite Coatings, a major 
focus has been dedicated to in-depth discussions from the materials science 
point of view, in addition to the conventional, biological investigation point 
of view. It needs to be explained why hydroxyapatite coatings and the materi- 
als science approach come into the picture. It is very well recognized today 
that there has been an enormous growth in the use of medical implants. The 
growth has been particularly phenomenal during the past couple of decades. 
You may wonder why this is so. 

Well, there are a couple of very important pertinent reasons. This has 
primarily happened due to an almost commensurate enhancement in life 
expectancy, drastic change in accident frequency, along with use of high- 
speed transport systems, and, of course, to a major extent, the paradigm 
improvement or at least the demand for that in the biomedical implant mate- 
rials themselves and the corresponding surgical technologies themselves. 
Even given this scenario, conservative statistics would reflect that millions of 
patients suffering from bone defect-related, oral, and maxillofacial disorders 
are indeed eagerly looking forward to a long-term solution to regain at least 
a nominal, if not the very desired, high quality of life. It is indeed very heart- 
ening to note that diseases and problems caused by damaged or diseased 
bone tissue today represent an annual market that now exceeds €50 billion 
worldwide. Moreover, the global demand for medical ceramics and ceramic 
components was about US$10 billion in 2010. The forecast is that it will have 
an annual average growth of about 6.5% to scale a height of about US$15 bil- 
lion by 2015 that will eventually expand to about US$20 billion by 2018. 

Now, let us consider a very interesting population statistics scenario. 
Globally, the number of older persons (aged 60 years or over) was 841 million 
people in 2013. It is now expected that this number will more than double 
and reach a population of about 2 billion by 2050. In fact, it has been projected 
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that by 2047, for the very first time in human history, the number of children 
will be smaller than the amount of older people. What turns out to be of criti- 
cal importance in this perspective is that, as of now, the developing coun- 
tries possess about two thirds of the world's older persons, who represent 
the most prospective population exposed to the risk of bone fracture, and 
hence deeply in need of bioactive ceramic coatings for repair of bone defects. 
A fact of the additional and paramount importance in this context is that 
unfortunately the size of the older population in less developed and devel- 
oping regions is growing faster than those in the more developed regions. 
As a matter of a big healthcare problem, it now emerges that by 2050 every 
8 out of 10 persons belonging to the world's older population are predicted 
to be in the less developed and developing regions, e.g., many Southeast 
Asian, African, and Latin American countries. In other words, the issue is 
of extraordinary socioscientific, socioeconomic, and humanitarian scientific 
concerns as well. This book is actually intended to be a humble milestone in 
this overall global scenario. 

We started extensive work in this field when we realized that, especially 
in the case of hip joint replacement, loosening of a metallic prosthesis fixed 
with polymethylmethylacrylate (PMMA) bone cement causes the patient to 
undergo painstaking revision surgery, which is a major problem not only for 
the patient and the surgeon, but also the biomedical technology itself. In fact, 
the global recognition of this problem led to the development of cementless 
fixation through the novel introduction of a bioactive hydroxyapatite (HAp) 
coating on biomedical-grade metallic implants. It was a natural follow-up 
action of this development that a wide variety of different coating methods 
have evolved to make the HAp coatings on metallic implants more reliable. 
However, among all such developmental efforts, the atmospheric plasma 
spraying (APS) or macroplasma spraying (MAPS) method has ultimately 
been accepted commercially. Nonetheless, even this most welcome develop- 
ment did not resolve the issue, and the challenge of developing more reliable 
HAp coatings was far from resolved. A lot of questions eventually surfaced, 
for instance: Are the coatings adherent enough? Do they have adequate bond- 
ing with the metallic implant they coat? Do they possess adequate stability 
in and outside of the physiological environment? How good is their biofunc- 
tionality, e.g., in both in vitro and in vivo atmospheres, etc.? Moreover, it 
has now been realized that the conventional high-power plasma spray (i.e., 
macroplasma) coating method renders plenty of disadvantages in terms of 
phase impurity, lesser porosity that hinders osseointegration, and residual 
stresses, which ultimately lead to inadequate mechanical properties and 
delamination of the coating. More often than not, such MAPS-HAp coatings 
may possess HAp or other Ca-P phases, e.g., tricalcium phosphate (TCP), 
tetracalcium phosphate (TTCP), as well as an amorphous phase that leads 
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to poor crystallinity. As a result, properly controlled bioresorption, which 
could have been achieved by the presence of the pure HAp phase, can be 
adversely affected. That is, the process could become either unacceptably fast 
or devastatingly slow, in which in both cases the ultimate result becomes the 
poor efficacy of such MAPS coatings. 

This global scenario leads us to think in a different manner to arrive at a bet- 
ter solution to the generic problems associated with such coatings. Therefore, 
we have utilized a low-power plasma spraying, i.e., the microplasma spray- 
ing (MIPS) method. The MIPS method has been developed very recently, 
e.g., only in the mid-1990s onward. In the current research, this MIPS tech- 
nique has been utilized to coat HAp on SS316L substrates to minimize the 
aforesaid problems associated with conventional, commercial macroplasma 
sprayed hydroxyapatite coatings. Looking at the concept of the affordable 
healthcare problem for the large, ailing aged male and female populations 
usually subject to the need of HAp-coated biomedical prosthesis implanta- 
tion, especially in the third world and developing countries, surgical-grade 
SS316L has been given more importance as a substrate material because it 
is more cost-effective than Ti-6A1-4V and CoCrMo alloys. In this book, sys- 
tematic studies are discussed from the processing of the MIPS-HAp coating 
to its physicochemical and mechanical properties at both the macro- and 
microstructural length scales. In addition, the physical, structural, microme- 
chanical, and micro- and nanotribological properties of the MIPS coatings 
were evaluated as well as analyzed following exposure to simulated body 
fluid (SBF) solutions for about 2 weeks of immersion time. Based on the suc- 
cessful performance of the developed MIPS coatings under an accelerated 
condition of exposure to SBF, it was actually put into an in vivo application 
in an animal model, e.g., the MIPS-HAp coating was applied on a metallic 
intramedullary pin used for bone defect repair in a New Zealand white rab- 
bit. How the MIPS-HAp-coated intramedullary pin performed much bet- 
ter than the uncoated metallic pin is discussed. Apart from these aspects of 
specific development, an in-depth discussion is provided on the comparative 
pros and cons of the other processing techniques used to develop bioactive 
HAp coatings in general. Emphasis has been generally dedicated to dig out 
the correlation between the processing parameters and the resultant micro- 
structure on the one hand, and the mechanical and tribological properties 
of the coatings on the other. Further, the general historical evolution and 
the scientific advantages of the microplasma spraying technique as a unique 
advancement or biomedical, societal need-driven modification of conven- 
tional high-power plasma spraying have been amply and systematically 
documented. To the best of the authors' knowledge, this book in the area 
of microplasma sprayed HAp coating is the first such attempt, and we hope 
that it marks the beginning of a journey into this area of research. 



XVI 



Preface 



What Is in It for Us? 

This book is divided into 12 chapters intertwined with one another. 
Chapter 1 deals with the introduction of the problem, such as what a bio- 
material really is, what the frequently used term biocompatibility stands for 
in general, and in particular why it is so important that the biomaterials be 
biocompatible. This discussion unfolds into the types of biomaterials and 
their characteristic features, followed by a more dedicated discussion on bio- 
ceramics, especially HAps and specifically HAp coatings. In the process of 
such discussions, two most important topics are touched upon. The first is a 
brief take on natural biomaterials, e.g., bone and teeth, as they almost generi- 
cally provide the largest application areas for HAp and HAp coatings. The 
second one that has been glanced upon is why and how surface engineering 
of implants has evolved as an important area of research and development 
in the journey to provide better biomaterials for society today, what roles 
could possibly be played by such synthetic biomaterials and coatings in such 
developments, and to attain such improvements, what challenges are to be 
faced by the community. 

Chapter 2 deals with coating techniques, with a special emphasis on plasma 
spraying techniques. In particular, the basics of coating formation by the 
plasma spraying technique are discussed, with an emphasis on uniqueness 
and applications of microplasma spraying as a manufacturing technique in 
relation to the developmental needs of plasma-sprayed HAp coatings. This 
scenario is placed in contrast with the other, more conventional coating tech- 
niques, such as high-velocity oxy fuel, pulsed laser deposition, cold spraying, 
liquid precursor plasma spraying, electrophoretic deposition, electrohydro- 
dynamic atomization, physical vapor deposition techniques such as vacuum 
sputtering, radio frequency sputtering, reactive sputtering, etc., sol-gel and 
dip coating, biomimetic coating process, etc. Finally, the conventional mac- 
roplasma spraying (MAPS) process and the newly developed, relatively 
greener, and more utilizable and cost-effective microplasma spraying (MIPS) 
process are amply compared to highlight their relative merits and demerits. 

Chapter 3 essentially focuses on the materials science aspect of HAp coat- 
ing and its applications. Starting with the background of the problem faced 
in fixation of biomedical implants and the basic scientific issues involved in 
the journey toward achieving a fruitful solution to this problem, the HAp 
coatings developed by different methods are compared in order to provide 
a state-of-the-art scenario. The issues related to high- and low-temperature 
processing of coatings in general are discussed, with a special emphasis on 
elucidating the roles of those processing parameters that are of paramount 
importance in the development of any coating by the MIPS technique. In 
addition, the pros and cons of MAPS- and MIPS-HAp coatings are adjudged 
with a view to justify the choice of the MIPS technique as useful for HAp 
coating development. Thereafter, the roles of various processing parameters. 
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e.g., plasma spraying atmosphere, spraying current and stand-off distance, 
gun traverse speed, specimen holder arrangements, on plasma spraying of 
HAp coatings are illustrated, emphasizing the efficacy of the MIPS as a suit- 
able method for HAp coating development. Global efforts to combat brittle- 
ness of HAp coatings through nano-HAp and HAp composite developments 
are highlighted. The chapter concludes with a major focus on current sce- 
narios in research and development of HAp coatings. 

Chapter 4 stresses structural and chemical properties of HAp coatings. It 
basically deals with the techniques involved in characterizing the microstruc- 
tural parameters, e.g., thickness, porosity, crystallinity, stoichiometry, phase 
purity, surface chemical structure, splat size, micro- and macropore sizes 
and their distribution, micro- and macrocrack sizes and their distribution. 
Next, an account is provided of the variations in the aforesaid microstruc- 
tural parameters when measured as sprayed and polished HAp coatings, 
with particular emphasis on the formation and growth aspects of the micro- 
structure itself, along with its constituent parameters. A rational explanation 
of anisotropy of Young's modulus values measured in directions parallel 
and perpendicular to the directions of spraying of the HAp coating is pro- 
vided next. Subsequently, comprehensive modeling efforts are presented to 
justify the dependencies of Young's modulus on various pore shapes present 
in a given HAp coating. Finally, the predictions of the modeling efforts are 
validated by experimental data measured by the nanoindentation technique 
applied to both cross section and plan section of a given HAp coating. 

The focus of Chapter 5 is kept on the in vitro properties of hydroxyapatite 
coatings. Starting from a comprehensive survey of existing literature data of 
relevance, this chapter provides a detailed comparison of the efficacies under 
SBF immersion for both MAPS- and MIPS-HAp coatings developed on bio- 
medical implant-grade SS316L substrates. 

Explicit coverage on the macro mechanical and micro/nano mechanical 
properties of HAp coatings is provided in Chapters 6 and 7, respectively. 
Chapter 6, in particular, focuses on issues related to factors that govern the 
bonding strength of HAp coatings, connected parameters, relevant measure- 
ment techniques, standards of measurements, influences of microstructure, 
and residual stress on bonding strength of MAPS- and MIPS-HAp coatings, as 
well as on those of HAp coatings developed by techniques other than MAPS 
and MIPS, and so on. Finally, from the perspective of in-service reliability 
of HAp coatings, the importance of evaluating the shear strength, push-out 
strength, flexural strength, and fatigue behavior is adequately discussed. 

It needs to be emphasized here that the coating should have structural 
integrity not only at the macrostructural length scale, but also at the micro- 
structural length scale. This is what gives Chapter 7 its genesis and scope to 
flourish. It starts with the basics of the nanoindentation technique, which 
plays a crucial role in evaluations of nanohardness. Young's modulus, and 
for the very first time, the fracture toughness of MIPS-HAp coatings in 
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the presence or absence of an SBF immersion history. After presenting the 
limitations in literature scenario on evaluations of nanohardness and Young's 
modulus of the HAp coatings, the applications of the unique nanoindenta- 
tion technique for evaluations of nanohardness and Young's modulus of the 
HAp coatings are focused in detail here. The issue of statistical reliability 
and how to tackle the characteristic scatter in the experimentally measured 
nanohardness and Young's modulus of the intrinsically heterogeneous HAp 
coatings is discussed in utmost detail, followed by a rational explanation 
about the achievement of great toughness in these coatings. 

It needs to be emphasized further here that it is not only important for 
a given HAp coating to have a reasonably good, acceptable combination 
of quasi-static mechanical properties at both macrostructural and micro- 
structural length scales, but also important to have equally good, accept- 
able dynamic contact resistance, e.g., micro- and nanotribological properties, 
simply because the biomedical prosthesis will be subject to both quasi-static 
and dynamic contact situations when in service. That is why the subject of 
Chapter 8 is the tribological properties of the hydroxyapatite coatings. The 
typical survey of existing literature does indeed focus on serious limitations 
in both the database and knowledge base on tribological behavior of HAp 
coatings in general and MIPS-HAp coatings in particular. Thus, the micro- 
as well as nanotribological behavior of both as-sprayed and polished MIPS- 
HAp coatings before and after the SBF immersion treatments are adequately 
discussed here to adjudge its efficacy further for, say, in vivo trials in animal 
models. It is also recognized that a biomedical prosthesis such as a HAp- 
coated implant will be exposed to repeated loading and unloading during 
in-service usage. Such a situation can lead to fatigue, and if the coating is not 
fatigue resistant, then to its premature failure. This is the situation that is the 
least desirable. That is why this chapter concludes with a glimpse on a litera- 
ture scenario about the fatigue behavior of various HAp coatings. 

Let us assume for argument's sake that a given HAp coating has good 
mechanical properties at both macrostructural and microstructural length 
scales, in addition to having acceptable tribological behavior. Will this guar- 
antee that its in-service performance will be failure-free? Unfortunately, the 
response to such a query will not be affirmative because in spite of having all 
the aforesaid attributes, the coating can still fail due to the most undesirable 
but absolutely unavoidable presence of residual stress. From the perspective 
of practical applications of HAp coatings in general and MIPS-HAp coatings 
in particular, therefore, the issue of residual stress is of paramount impor- 
tance, as dealt with in all possible detail in Chapter 9. Starting from a compre- 
hensive survey of the relevant literature scenario to provide a state-of-the-art 
account of residual stress in HAp coatings, it focuses on the pros and cons of 
the various conventional methods for residual stress estimations before pro- 
viding a picture of how the related processing parameters of various coat- 
ing deposition techniques in general and plasma spraying in particular can 
affect the residual stress scenarios in both global and local microstructural 
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scenarios of a given coating. Finally, in conclusion, the efficacy of a novel 
nanoindentation technique in successfully assessing the nature and magni- 
tude of the residual stress in a given MIPS-HAp coating is established. 

The first-order acid test of a given bioceramic coating lies in its success in 
animal models during in vitro studies. Thus, Chapter 10 focuses precisely on 
in vivo performance efficacy examination of MIPS-HAp coatings in both rat 
and goat models. The subject matter of this chapter therefore mainly com- 
prises the results of a pioneering study on the comparative healing perfor- 
mance efficacies of uncoated and MIPS-pure HAp-coated intramedullary 
SS316L pins for bone defect fixation in New Zealand white rabbits. It has 
indeed been interesting to note how biochemical, histological, radiographic, 
and fluorochrome labeling studies could be used to establish comparatively 
much more "bone bonding" efficacy and osseointegration in HAp-coated 
intramedullary SS316L pins, which has led to complete bone defect healing 
that was not possible to attain with the uncoated intramedullary SS316L pins. 

Finally, Chapter 11 introduces the futuristic scopes and colors on the hori- 
zons for more challenging and useful developments that are on the verge 
of emergence in the R&D scenario of MIPS-HAp coatings. It also links up 
these concepts to further establish improving the quality of human life in the 
future; such developments are of utmost utility to the biomedical research 
community in general and the bioactive ceramic coating research commu- 
nity in particular. 

As presented in Chapter 12, the book ends with a summary of what has 
been achieved through these humble efforts. 



Arjun Dey 
Anoop Kumar Mukhopadhyay 
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Introduction 



In the present chapter, the basics of biomaterials, the types of biomateri- 
als in general and the bioactive materials in particular, will be discussed. 
The different categories of bioceramics will be described. However, par- 
ticular emphasis will be on the usage of bioactive hydroxyapatite and its 
coating. The naturally occurring hydroxyapatite is found in bone and teeth. 
Therefore, these natural nanocomposites shall be briefly discussed, putting 
in perspective their structural complexity on the one hand, and their marvel- 
ous functionality on the other. However, before going to such detail, we need 
to know what we really mean by the term biomaterial, as discussed below. 



1.1 Introduction of Biomaterials 

1.1.1 What Is a Biomaterial? 

What is a biomaterial? Classically speaking [1], any substance (other than 
drugs), synthetic or natural in origin, which can be used for any period of 
time (long or short term), as a whole or as a part of a system, that treats, 
augments, or replaces any tissue, organ, or function of the body is typically 
defined as a biomaterial. The same functionality can also be provided by 
a combination of different materials, which in such case form the generic 
group biomaterials. Such materials are designed to replace a part or a func- 
tion of the human body in a safe, reliable, economic, and physiologically as 
well as aesthetically acceptable manner. Any synthetic material incorporated 
into a human organism has to abide by certain properties that will ensure 
that there are no negative interactions with living tissue [1]. On the other 
hand, a biological material is a natural material such as skin, artery, liver, etc., 
produced by a biological system. The performance of a biomaterial is bound 
to be compared to its possible natural counterpart, i.e., the biological mate- 
rial, and that is where the challenge lies in the development of such materials. 



1.1.2 What Is Biocompatibility? 

We often hear the term biocompatibility. What does it really mean? Well, even 
before we understand what biocompatibility is, we need to understand the 
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concept of it. Basically, if we look at the other part of this term, that apart from 
bio, we have compatibility. It's like, if we may imagine, a new student coming 
into an ongoing class. Does he quarrel with everybody? Is he friendly with 
everybody? Does he mix up well with the other students? Does he remain 
as a disturbing outsider? Or, is he an indifferent outsider? The answers to all 
these questions and the interactive steps involved in arriving at such answers 
really define to what extent the new student is compatible with the ongoing 
class batch. Just like this, biocompatibility refers to the ability of a material 
to perform with an appropriate host response (i.e., the response of the host 
organism to the implanted material or device) in a specific application. That 
is why biocompatibility is neither a single event nor a single phenomenon. 
Rather, it is meant to be a collection of processes involving different but inter- 
dependent interaction mechanisms that may be undergone between the liv- 
ing tissues and a given material [2]. 



1.2 Types of Biomaterials 

The classification of biomaterials appropriately follows the classical con- 
ventional categories of structural materials such as metals (e.g., SS316L, Ti, 
Ti-6A1-4V, NiTi, CoCrMo alloy, etc.), ceramics (alumina, zirconia-toughened 
alumina (ZTA), hydroxyapatite (HAp), tricalcium phosphate (TCP), etc.), and 
bioglasses polymers (polyethylene, polymethylmethylacrylate (PMMA), etc.), 
and composites [3]. In increasing order of biocompatibility, the interaction of 
biomaterials with living tissue can be defined as follows [4, 5]: 

1. Incompatible 

2. Biocompatible 

3. Nearly bioinert 

4. Bioactive 

1.2.1 Incompatible and Biocompatible Materials 

Incompatible materials release to the body substances in toxic concentrations 
or trigger the formation of antigens that may cause immune reactions rang- 
ing from simple allergies to inflammation to septic rejection with the associ- 
ated severe health consequences. The biocompatible materials also release 
substances, but in nontoxic concentrations that may lead to only benign tis- 
sue reactions, such as formation of a fibrous connective tissue capsule or 
weak immune reactions that cause formation of giant cells (i.e., phagocytes). 
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These materials are often called biotolerant and include austenitic stainless 
steels (SS316L) or bone cement consisting of PMMA. 



1.2.2 Nearly Bioinert Materials 

However, nearly bioinert materials do not release any toxic constituents and 
do not show positive interaction with living tissue. As a response of the 
body to these materials, usually a nonadherent capsule of connective tissue 
is formed around the bioinert material. In the case of bone remodeling, it 
manifests itself by a shape-mediated contact osteogenesis [6]. Compressive 
forces are transmitted ("bony on-growth") only through the bone-material 
interface. Typical bioinert materials are titanium and its alloys, ceramics 
such as alumina, zirconia, and ZTA, and some polymers as well as carbon. 
They do not possess any chemical bonding with the host tissue. 



1.2.3 Bioactive Materials 

Finally, bioactive materials show a positive interaction with living tissue. 
Such interaction typically also includes the differentiation of immature cells 
toward bone cells. In this case of course, there is a chemical bonding to the 
bone along the interface. This is thought to be triggered by the adsorption 
of bone growth-mediating proteins at the biomaterial's surface. Hence, a bio- 
chemically mediated strong bonding osteogenesis is initiated [6]. As a result, 
mostly the compressive and, to a minor extent, the tensile as well as shear 
forces can also be transmitted through such an interface (bony in-growth). 
Typical examples of the bioactive materials are calcium phosphates and bio- 
glasses. It is believed that bioactivity of calcium phosphates is associated 
with the formation of carbonated hydroxyapatite (CHAp), similar to bone- 
like apatite [7]. 



1.3 Categories of Bioceramics 

There is another viewpoint advocated in literature. Thus, three broad catego- 
ries of bioceramics, e.g., nearly inert, surface reactive, and resorbable, have 
also been defined (Figure 1.1) [6, 8]. Such categories are based on the chemical 
reactivity of the bioceramics in an in vivo environment. On a relative scale, 
nearly inert bioceramics are, e.g., alumina, zirconia, ZTA, etc. They tend to 
exhibit inherently low levels of reactivity, which peaks at about 10,000 days. 
Surface-reactive bioceramics, such as HAp, Hench's bioglass [9], etc., have 
a substantially higher level of reactivity, which peaks at about -100 days. 
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FIGURE 1.1 

A schematic of chemical reactivity in in vivo environments of different bioceramics. Based on 
that, bioceramics are categorized in three subgroups. (Adopted and modified/redrawn from 
Hench, American Ceramic Society Bulletin, 72: 93-98, 1993; and Shackelford, Bioceramics, vol. 1., 
Amsterdam, The Netherlands: Gordon and Breach Science Publishers, 2005.) 

Resorbable bioceramics, such as TCP, have even higher levels of reactivity 
that peak at about ~10 days. This broad spectrum of chemical behavior has 
led to a corresponding range of engineering design philosophies. 



1.4 What Is Hydroxyapatite? 

Hydroxyapatite (HAp) is chemically similar to the primary mineral content 
of bone and teeth [6, 10]. Chemically, it is represented as Ca 10 (PO 4 ) 6 (OH) 2 . It 
is characterized by a Ca/P ratio of 1.667. However, it is difficult to obtain the 
exact stoichiometric ratio (Ca/P ratio ~ 1.667) in HAp because of the different 
Ca/P ratios that can be stabilized, depending on the synthesis method and 
conditions employed. Nevertheless, HAp has the desirable physicochem- 
ical attributes of stability, inertness, and biocompatibility. Therefore, HAp 
is classified as bioactive. This means that it will support bone ingrowth and 
osseointegration when used in orthopedic, dental, and maxillofacial appli- 
cations. Various HAp phases can be formed, which can be categorized into 
calcium-deficient hydroxyapatite, oxy-hydroxyapatite, and CHAp, depend- 
ing on the type of environment employed in the synthesis steps. The chemi- 
cal nature of HAp lends itself to substitution. As a consequence, it is not 
uncommon for nonstoichiometric hydroxyapatites to exist. The most com- 
mon substitutions involve carbonate, fluoride, and chloride substitutions 
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for hydroxyl groups. Such processes form the deficient hydroxyapatites. 
However, biological apatites differ chemically from ideal HAp. Then the 
almost obvious question is: What is the difference? Well, the biological apa- 
tites often include cations such as Mg 2+ , Na + , and K + and anions such as Cl - 
and F - . In principle, such inclusions can be introduced into the HAp lattice 
by substitution of one or more Ca 2+ . Nevertheless, the major constituent in 
biological apatite is carbonate. In bone mineral the carbonate is present by 
~5-8 wt% [11, 12]. There is another group of calcium phosphate (CaP) ceram- 
ics called biphasic calcium phosphate (BCP) bioceramics. These belong to a 
group of bone substitute biomaterials. Such biomaterials comprise of an inti- 
mate mixture of varying HAp/[3-TCP ratios. The general merits and demerits 
of HAp are [1, 5, 11]: 

1. Without breaking down or dissolving, it integrates into the bone 
structures and supports bone in-growth. 

2. It possesses a thermally unstable compound, decomposing from 
about 800-1250°C, depending on its stoichiometric ratio. 

3. It does not have the requisite mechanical strength to guarantee its 
success in long-term load-bearing applications. 



1.5 What Is Hydroxyapatite Coating? 

Therefore, instead of being used as a bulk compact, HAp is generally used as 
a coating on bioinert metallic implants. The bond formed between a metallic 
alloy implant and the bone tissue is mediated by a so-called contact osteo- 
genesis process, as explained earlier. Bone tissue grows one-directionally 
toward the interface and bony on-growth occurs. Thus, the bony on-growth 
is able to only transmit the compressive loads. However, in real-life condi- 
tions, the actual loads that the interface is subjected to during movement 
of the patient also contain strong tensile and shear components that will 
have to be taken care of by the implant. Therefore, in the clinical practice, in 
many cases a bioactive HAp layer is provided. Such a process allows bond- 
ing osteogenesis through bony ingrowth. As a result, such a strong interface 
displays the ability to transmit these tensile and shear forces [5, 11, 13]. 

In such a bonding osteogenesis process, two ossification fronts develop. 
One grows from the bone toward the implant. The other grows from the 
implant toward the bone [5, 11]. Evidence is mounting that a 150 pm long- 
term stable bioactive HAp coating will elicit a specific biological response 
at the interface of the implant material by control of its surface chemistry 
through adsorption of noncollageneous proteins such as osteocalcin, osteo- 
nectin, silylated glycoproteins, and proteoglycanes [11]. This process results 
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in the eventual establishment of a strong and lasting osseoconductive bond 
between living tissues and the biomaterial. The bioactive HAp coatings pos- 
sess some unique properties [11]; for example: 

1. It prevents the formation of a fibrous capsule of connective tissue 
surrounding the metallic implant. 

2. It achieves fast bone apposition rates through preferential adsorp- 
tion of proteins. 

3. It generates a bonding osteogenesis that provides a continuous and 
strong interface between metallic implant and tissue that is able to 
transmit not only compressive but also tensile and shear loads. 

4. It develops accelerated healing compared to those of the implants 
without a bioactive coating. 

5. It achieves a decrease in the release of metal ions to the surround- 
ing tissue, a process that can minimize the perceived risk of a cyto- 
toxic response. 

The data [14] on the variations of interfacial bond strength of both the 
HAp-coated and uncoated metallic implants as a function of implantation 
time are shown in Figure 1.2. Interfacial bond strength of the HAp-coated 
implants was always higher than those of the bare implants [14]. 




Implantation Duration (weeks) 



FIGURE 1.2 

Variations of interfacial bond strength of both the HAp-coated and uncoated metallic implants 
as a function of implantation time. (Redrawn from Hench, Journal of the American Ceramic 
Society, 74: 1487-1510, 1991. From American Ceramic Society and Wiley.) 
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1.6 Introduction of Bone: A Natural Biomaterial 

Bone is a natural ceramic-polymer hybrid composite. It consists mainly of 
collagen (20%), calcium phosphate, e.g., HAp (69%), and water (9%). Other 
organic substances, e.g., proteins, polysaccharides, and lipids, are present 
in small amounts [15]. Collagen is located in bone tissue. It has the form of 
fibrils 100-2000 nm in diameter. Calcium phosphate in the form of crystal- 
lized HAp ensures bone rigidity. The HAp crystals have the shape of nee- 
dles. These needles are -40-60 nm long, -20 nm wide, and -1.5-5 nm thick 
[15-20]. The mineral component of bone is similar to HAp. However, it con- 
tains in addition fluoride, magnesium, sodium, and other ions as impurities. 
The weight percents of the elements are as follows: [18] calcium, 34.8%; phos- 
phorus, 15.2%; sodium, 0.9%; magnesium, 0.72%; potassium, 0.03%; carbon- 
ates, 7.4%; fluorine, 0.03%; chlorine, 0.13%; pyrophosphates, 0.07%; and other 
elements, 0.04%. 

Bone is rather nonuniform (i.e., anisotropic) in microstructure and 
mechanical properties. The mechanical properties of bone show strong sen- 
sitivity to porosity (5-95%), the degree of mineralization, and the orientation 
of the collagen fibers [19]. Cortical bone is a nanostructured composite. It 
is made up of HAp-based matrix and collagen fibers. The matrix has a lay- 
ered microstructure. This matrix provides the basis for oriented cylindrical 
formations on a macroscopic scale [20]. The length scale is very important in 
describing the hierarchical architecture of bone and understanding relation- 
ship between structures at various levels of hierarchy [17]. 

As illustrated in Figure 1.3, these levels and structures are: 

1. The macrostructure comprising cancellous (porous) and cortical 
(hard) bone 

2. The microstructure (from 10 to 500 pm) comprising Haversian sys- 
tems, osteons, and a single trabecula 

3. The submicrostructure (1-10 pm) comprising lamellae 

4. The nanostructure (from a few hundred nanometers to 1 pm) com- 
prising fibrillar collagen and embedded mineral 

5. The subnanostructure (below a few hundred nanometers) compris- 
ing the molecular structure of constituent elements, such as mineral, 
collagen, and noncollagenous organic proteins 

The scanning electron photomicrograph of lamellar bone structure is 
shown in Figure 1.4. This hierarchical organized structure has an irregu- 
lar, yet optimized arrangement and orientation of the components, making 
the material of bone heterogeneous, anisotropic, and tough. This complex 
hybrid structure is responsible for the high strength and fracture toughness 
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FIGURE 1.3 

Schematic of the hierarchical structure of bone. 




FIGURE 1.4 

Scanning electron photomicrograph of lamellar structure of human cortical bone (scale bar 
indicates 100 (im). 

of bone tissue. The genesis of high strength and fracture toughness in bone 
can be explained in terms of the known concepts embodied in the fracture 
mechanics of brittle-matrix composites. In contrast, hard dental tissue con- 
tains lesser amounts of organic substances, but the mineral component of 
dentin consists of cylindrical HAp crystals [18]. 
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1.7 Introduction of Teeth: A Natural Biomaterial 

Basically, tooth (Figure 1.5) is also a microscopically functionally graded 
calcium phosphate or HAp-based natural biocomposite material like bone. 
Furthermore, tooth also has a hierarchical architecture, e.g., from macro- 
structure to microstructure to nanostructure (Figure 1.5). The tooth com- 
prises mainly the hard enamel, the more ductile dentin, and a soft connective 
tissue, the dental pulp. Enamel is the hardest structure in the human body, 
with approximately 96 wt% hydroxyapatite (HAp). On the other hand, den- 
tine possesses a porous structure and is made up of ~ 70% inorganic material 
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FIGURE 1.5 

Schematic of the hierarchical structure of teeth. 
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(i.e., HAp), ~ 20% organic materials (i.e., collagen fiber), and -10% water by 
weight. The enamel microstructure shows different orientations of closely 
packed enamel prisms or rods. These rods are encapsulated by an organic 
protein called enamel sheath. Further, the prisms or rods consist of nano- 
size inorganic HAp crystals with different orientations inside. On the other 
hand, the dentine has a collagen matrix reinforced with HAp nanocrystals 
retained in layer by layer. The composite bed of dentine also has dentin 
tubules, channel-like microstructures that supply the nutrition from the 
pulp region to the crown part of the teeth. In contrast, the interface between 
the dentin and enamel junction (DEJ) is arranged with dome-shaped exca- 
vations. Therefore, the irregular interface interlocks the two tissues, e.g., 
enamel and dentine. It is generally seen that the enamel never delaminates 
from the dentine in spite of millions of repeated masticatory loading during 
the chewing/grinding of any food, or even during sudden impact loading 
due to an accident. The microstructure is different in different regions of 
enamel (Figure 1.6a, b) [21]. 



1.8 Surface Engineering of Bioinert Materials 

Mainly biocompatible metallic materials such as 316 grade stainless steel, 
Co-Cr-Mo alloy, pure titanium, Ti-6A1-4V, NiTi, etc., which are often used 
as implants or for prosthesis applications, require special surface engineer- 
ing because of their poor surface mechanical properties and inferior perfor- 
mance in biological environments. It is well known that the above-mentioned 
popular biometals are basically bioinert in nature. Thus, in vivo application 
of these metals could not actively take part in the osseointegration process 
or bone tissue ingrowth or bone fracture fixation. However, materials like 
HAp, other CaP materials, and bioglass possess bioactive properties, or in 
other words, these materials can actively take part in osseointegration. Now 
a very basic question will rise: Why can we not use these bioactive materials 
directly for orthopedic application? We cannot because of their poor struc- 
tural integrity and poor surface mechanical properties. On the other hand, 
if we look in to metallic materials, their structural integrity is undoubtedly 
much superior to those of bioactive ceramics and glass. That's why people 
thought of surface modifications of those biometals and alloys. In two ways 
it can be useful: 

1. Enhancement of biological properties 

2. Improvement of surface mechanical properties 
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FIGURE 1.6 

Enamel rods or prisms within enamel microstructure in different regions: (a) keyhole shaped 
and (b) longitudinal alignment. (Reprinted/modified from Biswas et al.. Journal of the Institute 
of Engineers (India): Series D, 93: 87-95, 2012. From Institute of Engineers (India) and Springer. 
With permission.) 



The first one is basically introduction of HAp or other CaP materials, 
including bioglass, to increase the osseointegration, bony tissue ingrowth, 
and environmental shielding of biometals. In general, plasma spaying has 
been utilized to deposit HAp. The second one is essentially to enhance sur- 
face mechanical properties in particular wear and hardness, which is useful 
in knee implant applications where wear resistance properties of Co-Cr-Mo 
or Ti alloys should be enhanced. Nowadays, the super-hard TiN coating is 
deposited on the metallic alloys to increase its hardness and antiwear prop- 
erties. Alternatively, plasma nitriding method is also popular to enhance the 
surface mechanical properties of the metallic implants. 




12 



Microplasma Sprayed Hydroxyapatite Coatings 



1.9 Challenges to Develop Surface-Engineered Implants 

For development of surface-engineered metallic implants, the most critical 
and major requirements are: 

1. The presence of excellent adhesion between coating/film and metal- 
lic implants not only in an as-grown condition, but also in a simu- 
lated or accelerated body environment. 

2. The phase purity and crystallinity of deposited bioactive coatings 
for controlled bioresorption. 

3. The adequate porosity level of deposited bioactive coatings for bony 
tissue ingrowth. 

4. The satisfactory bioactivity performance in a simulated or acceler- 
ated body environment. 

5. The acceptable performance in both short-term and long-term stabil- 
ity tests of the coating. 

6. The minimal level of residual stress at the interface to hinder the 
delamination of the coating. 

7. The satisfactory performance of the coatings in the test for metal ion 
leaching in a simulated or accelerated body environment. 

8. The insurance that while bioactive coating deposition is carried out 
at a high temperature, the compositional and property degradation 
of the metallic implants is minimal and within acceptable limits as 
specified by standards. 

9. Preservation of a sterile environment while bioactive coating deposi- 
tion is carried out. 

10. The maintenance of uniform coating thickness, particularly in a con- 
toured zone or at the edge of the metallic implants. 

11. The strict adherence to mandatory in-depth investigation of the per- 
formance of the surface-engineered metallic implants in an animal 
model prior to human trial. 

Thus, we have to be careful when we are going to develop or engineer 
the surface of a metallic surface for biomedical implantation purposes. One 
of the major challenges is that more often than not, the metallic implants 
have complex as well as contoured shapes, and hence are not at all easily 
amenable to today's available conventional coating deposition technologies 
practiced for large-scale production. This is an issue of major concern and 
is therefore of considerable importance. That is why the relative advantages 
and disadvantages of the methods of bioactive coating deposition will be 
discussed in Chapter 2. 
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1.10 Summary 

The basic introduction regarding various types of biomaterials has been 
discussed, with a major emphasis particularly on bioactive materials. The 
well-known bioactive ceramic material hydroxyapatite and its usage as a 
bioactive coating has been described. The hierarchical structure of natural 
hybrid biocomposites incorporating naturally formed hydroxyapatite, e.g., 
bone and teeth, has been explained. Finally, the need for development of 
and the challenges involved in surface-engineered biometallic implants has 
been highlighted. 
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Plasma Spraying and Other 
Related Coating Techniques 



Here, we shall discuss the basics and history of plasma spraying in general 
and microplasma spraying in particular. The method of hydroxyapatite 
(HAp) coating deposition by different techniques and the relative merits 
and demerits of those will be also described. The difference between con- 
ventional atmospheric high-power macroplasma and microplasma will be 
highlighted to demonstrate that such differences can and do indeed lead to 
significant changes in the correspondingly deposited HAp structures. 



2.1 Plasma Spray Process 

The conventional atmospheric plasma spraying or macroplasma spray- 
ing (MAPS) process is relatively straightforward in concept. However, it 
is rather complex in function. The plasma gun operates on direct current. 
The plasmatron actually provides power to the plasma gun. It is the heart 
of the plasma spraying machine. The efficacy of a given MAPS process and 
the resultant coating development are strongly sensitive to the plasmatron 
power. However, as far as the chemical quality, physical quality, microstruc- 
ture, phase purity, etc., of a coating are concerned, the plasmatron power is 
not the sole determining factor, although it plays a major role. The current 
that the power of the plasmatron source provides to the plasma gun helps 
to sustain a stable nontransferred electric arc between a tungsten cathode 
and a copper anode. The annular-shaped anode is usually water cooled. 
A plasma gas is introduced at the back of the gun interior. Generally, the 
plasma gas is argon or nitrogen or any other inert gas mixed typically with 
less than 1-5% hydrogen to enhance enthalpy. The gas swirls in a vortex and 
finally gets out of the front exit of the anode nozzle. The electric arc from the 
cathode to the anode completes the circuit. As a result, an exiting plasma 
flame generally forms on the outer face of the latter. The plasma flame axi- 
ally rotates due to the vortex momentum of the plasma gas. For a typical DC 
plasma torch operating at 10-40 kW, the temperature of the plasma just out- 
side of the nozzle exit is effectively in excess of 15,000 K. However, for many 
commercial applications, the plasma torch may operate at a power level that 
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FIGURE 2.1 

Schematic of a typical atmospheric plasma spray or macroplasma (MAPS) process. 



could be even higher than 100 kW. The temperature of the plasma drops off 
rapidly as one traverses away from the exit of the anode. This is why the 
powder to be processed is introduced at this hottest part of the flame. The 
size of the powder particles to be used in the plasma spray process is mainly 
governed by the nozzle size of the powder chamber and the net plasmatron 
power. During the plasma spraying process, the powder particles are accel- 
erated and melted in the flame on their high-speed (-100-300 m.s ') path to 
the substrate. Subsequently, they impinge upon the substrate and undergo 
rapid solidification. A schematic of a typical plasma spray process is shown 
in Figure 2.1. This process can also be carried out in a vacuum environment 
to reduce the chance of oxidation of the substrate at higher temperature. 



2.2 How Will Coating Form? 

Generally, the particles experience melting during the plasma spraying 
processes. However, some large particles may not be completely molten, 
as they stay for only a short duration in the plasma arc zone. The drop- 
lets are propelled and finally impacted onto the substrate surface, form- 
ing splats. Individual splats assume the shape of a newly formed pancake. 
As the sprayed particles impinge upon the substrate surface, they cool and 
build up, splat by splat, into a lamellar architecture, thus developing the 
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FIGURE 2.2 

Schematic of the cross sectional view of a typical plasma sprayed coating. 

microstructure of the plasma sprayed coating. The coating thus formed is 
not homogeneous and typically contains a certain degree of porosity. In fact, 
in the case of plasma sprayed metals, the coating can even contain oxides of 
the metal. Figure 2.2 schematically depicts the cross section of the lamellar 
structure for a typical plasma sprayed coating that also contains oxide inclu- 
sions, cracks, and pores. 



2.3 Plasma Sprayed HAp Coatings 

The rapid dissipation of heat to the substrate makes the splats solidify 
quickly. Such a rapid solidification process often leads to formation of some 
metastable phase/phases in the coating. Thus, in general, plasma sprayed 
coatings may well possess nonstoichiometric phases and an inhomogeneous 
microstructure. In case of a plasma sprayed FIAp coating, therefore, both 
amorphous calcium phosphates and crystalline HAp may occur in the coat- 
ing [1]. The HAp of these coatings has a lower Ca/P ratio than the starting 
HAp material. This deviation happens because the powder reaches very high 
temperatures during deposition [2, 3]. Further, the rapid solidification during 
the plasma spraying process often forms the amorphous calcium phosphate 
phase. The reason is simply that it might not have had enough time to crys- 
tallize within a short duration of flight time at high temperatures [2, 3]. 



2.4 Microplasma Spraying 

The MIPS process is similar to the MAPS process, as shown in Figure 1.1, 
except the range of input power and miniaturization of machines. Similar to 
the MAPS process, here also an arc is produced between a tungsten cathode 
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and a copper anode, and it transfers to a continuous current path. Due to high 
potential difference, a pilot arc is initiated between the tungsten cathode and 
the continuously water cooled copper anode. Primary gas, i.e., plasma gas 
(Ar), is passed between the cathode and anode. The presence of the pilot arc 
ionizes the argon gas. Now this ionized argon gas provides a continuous 
current path for the main transferred plasma arc. In our own experiments, 
argon was also used as the secondary gas, i.e., the shielding gas, to protect 
the metallic substrate from oxidation. Hot and partially molten externally fed 
powder was flown by the Ar gas pressure, and it stuck layer by layer on the 
substrate in the form of splats. As mentioned earlier, these splats also assume 
the shape of a newly baked pancake. Subsequently, the splats were air cooled 
for the development of coating. The present authors utilized a commercial 
MIPS machine (Miller Maxstar 200 SD 2.5 kW, USA) at a low plasmatron 
power of <1.5 kW with an external powder feeder chamber. The input cur- 
rent was fixed at 40 A for the optimized HAp coating. A water cooling unit 
was used to cool the copper anode arrangement. The details of optimized 
process parameters are given in Table 2.1. It is of paramount importance to 
optimize the process parameters to obtain reproducible coating quality and 
microstructure. Keeping this particular aspect in view, as a typical illustra- 
tive example, the optimization of process parameters for MIPS HAp coating 
development has been discussed in detail later in this chapter. 

Figure 2.3a-e gives a bird's-eye view of the portable MIPS machine setup 
utilized in the experiments conducted by the present authors. The electrical 
power unit is depicted in Figure 2.3a. Figure 2.3b provides a view of the Ar 
gas chamber. A picture of the water cooling unit is presented in Figure 2.3c. 

TABLE 2.1 



Optimized Process Parameters for HAp Coating 



Parameters 


Values 


Primary gas pressure (Ar) 


4 bar at 20°C 


Secondary gas pressure (Ar) 


4 bar at 20°C 


Primary gas (plasma gas) flow rate 


10 SLPM 


Secondary gas (shielding gas) flow rate 


20 SLPM 


Powder deposition rate 


~1.5 mg/s 


Powder size 


— 53 + 64 pm 


Input current 


-40 amp 


Input voltage 


-30 V 


Plasmatron power 


1.2 kW 


Stand-off distance 


75 mm 


Rotational speed of sample 


150 rpm 


Distance between cathode and plasma nozzle 


1.7 mm 


Distance between anode and plasma nozzle 


1 mm 



Note: SLPM = standard liters per minute. 
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FIGURE 2.3 (See color insert.) 

Microplasma spraying setup at CSIR-CGCRI, Kolkata: (a) electrical power unit, (b) primary 
(Ar) and secondary gas (Ar) chamber, (c) cooling unit, (d) plasma gun setup with external pow- 
der feeder, and (e) MIPS-HAp coating process in progress with a rotating holder. 

Finally, a view of the plasma gun set up with an external powder feeder is 
shown in Figure 2.3d. MIPS was carried out on a custom-built SS316L metal- 
lic shell for hip implant, mounted on a rotating holder with an external pow- 
der feeder chamber (Figure 2.3e). 



2.5 Microplasma Spraying and Its Application 

The microplasma spraying technique was introduced in the mid-1990s, and 
researchers started reporting the work in the late 1990s and early 2000s. 
Rather than commercialization, in-house custom-built faculties of MIPS were 
popular. The universities and research establishments like Xi'an Jiaotong 
University, Dalian Maritime University, Stanford University, Paton Welding 
Institute, Xi'an Hi Tech Research Institute, RWTH Aachen, etc., developed 
in-house MIPS facilities. The history of the MIPS process is summarized 
in Table 2.2 [4-41]. Metals, alloys, metal oxides, bioactive ceramic, compos- 
ite powder, etc., can be deposited by the MIPS facility. The data reflected in 
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2005 Vacuum MIPS, in-house SS316L, Argon + — — 1-3 — 

developed: Stanford University TI-6A1-4V, W hydrogen 

2006 MPN-3, Paton Welding Institute, HAp Argon Argon 35-50 — 50-80 

Ukraine 



2006 MPN-3, Paton Welding Institute, Ni-20Cr, — — 32-40 — 50 [14] 

Ukraine Al 2 0 3 /Ti0 2 

2006 Modified MIPS Metal oxides Argon — — — — [15, 16] 

2006 MIPS Mo0 2 ,Mo 0 3 Argon — — — — [17] 

2007 MPN-3, Paton Welding Institute, HAp — — 30-40 2 50-140 [18] 
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Table 2.2 show that in almost all the cases, the primary or carrier gas uti- 
lized was argon. There were also instances, however, where the utilization 
of a mixture of other inert gasses had been reported. The plasmatron power 
was reported to be widely varying, e.g., in the range of 1-4.2 kW. The cor- 
responding arc current had a range as wide as 10-250 A. As the plasmatron 
power utilized in a MIPS process is much less than that utilized in a MAPS 
process, it is obvious that the spraying distance will have to be much smaller 
than what could be afforded for a MAPS process. Indeed, the spraying dis- 
tance was much less, e.g., in the range of 10-140 mm. The statistical width 
of the range reflects the variations in the corresponding plasmatron power 
(1-4.2 kW) and the consequent gun current (10-250 A). The data presented 
in Table 2.2 also highlight that since 2006, the usage of the MIPS process to 
develop HAp coatings has been gaining in popularity. Very recent experi- 
mental results published by our own research group [30-41], as well as other 
research groups [25-27] in animal models, have proved beyond doubt the 
superior efficacy of MIPS-HAp-coated biomedical implants. 



2.6 Microplasma Spraying: A Unique 
Manufacturing Technique 

Now the reader may genuinely seek an explanation to the question of what 
is the unique reason that makes researchers interested in depositing both 
metallic and ceramic coatings by the MIPS process, which characteristically 
utilizes a plasmatron power that is much lower than that of a conventional 
MAPS process. To provide a rational explanation to such genuine queries, we 
ought to take a critical look at the unique advantages of the MIPS process. 
The MIPS process uses low plasmatron power. So the heat content is less. 
Therefore, one of the unique advantages of the MIPS process is that it pro- 
duces an amount of thermal and residual stresses that is much lower than 
what would be provided by a conventional MAPS process. There are many 
biomedical and industrial applications that require the coating of implants 
and machine parts of very tiny sizes. A major advantage of the MIPS process 
is that it has a spot size much smaller than what could be afforded by the 
conventional MAPS process. Hence, development of plasma sprayed coat- 
ings on tiny sizes can be done by the MIPS process with efficacy much supe- 
rior to that of the usual MAPS technique. One particular case in sight is that 
of the small-area defect generation in continuously run gas turbine blades 
made of very costly super alloys. Because of the small-area defect, the blade 
cannot be thrown away. At the same time, the turbine blade cannot be uti- 
lized in the presence of the defect. It is in such utter situations that the MIPS 
process came out very handy with its small spot size, which could be utilized 
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very effectively and efficiently to deposit the coating of desired composi- 
tion only on the small-area defect, thereby providing a very useful means 
of quick, precise, localized repair that paved the way for further repeated 
usage of the affected gas turbine blades. It is interesting to note that as early 
as 2006, researchers in this area recognized this potential of the MIPS pro- 
cess during the developmental stages of this technology, as reflected in the 
data presented in Table 2.3 [42-57]. In fact, the data contained in Table 2.3 
summarize the key features of some of the important intellectual proper- 
ties (IPs) regarding utilization of the MIPS process. That is why, perhaps, it 
is not surprising to notice from the data located in Table 2.3 that since 2006, 
there have been several IPs granted to both US and European researchers. 
This vital information only reinforces the huge potential of the MIPS process 

TABLE 2.3 



Patents Related to Microplasma Spraying 



Year of Grant 


Country/Region 


Salient Features of the Invention 


Reference 


2006 


Europe 


Method for repairing a workpiece using 
microplasma having a width of about 
0.5-5 mm without masking the workpiece 
with one or more number of powder 


[42] 


2006 


Europe 


A method and apparatus for repairing 
defective areas of the thermal barrier 
coating in gas turbine engines; can be 
patched on the component without 
masking the component 


[43] 


2006 


United States 


Portable microplasma spray apparatus can 
be transported to on-site locations to 
facilitate quick repair work 


[44] 


2006 


United States 


Method and apparatus for plasma flame 
spray for copper-nickel, aluminum- 
copper, and other similar composition 
materials introducing coating material 
into the plasma effluent for gas turbine 
application 


[45] 


2006 


United States 


Method and apparatus for repairing a 
thermal barrier coating on components in 
gas turbine engines with microplasma 
spraying 


[46] 


2007 


United States 


A method for repairing a workpiece using 
microplasma; includes a microplasma 
stream having a width of about 0.5-5 mm 
without masking the workpiece 


[47] 


2007 


Europe 


Microplasma spray apparatus for 
boron- and nickel-based combination 
powder deposition 


[48] 


2008 


Europe 


Portable, handheld microplasma spray 
coating apparatus 


[49] 



continued 
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TABLE 2.3 (continued) 

Patents Related to Microplasma Spraying 



Year of Grant 


Country/Region 


Salient Features of the Invention 


Reference 


2009 


Europe 


Microplasma (0.5M kW) spray nickel 
chrome alloy and a nickel chrome-chrome 
carbide alloy coating apparatus with 
argon as plasma gas for repairing turbine 
vane 


[50] 


2009 


Europe 


Same as EP1652951 B1 [50] for coating of 
copper, nickel alloy, and aluminum- 
copper alloy 


[51] 


2009 


USA 


Microplasma apparatus for repairing 
workpiece comprising a surface having a 
localized damage site 


[52] 


2009 


USA 


A method and apparatus for microplasma 
spray coating a portion of a turbine vane 
without masking any portions 


[53] 


2010 


USA 


A method and apparatus for microplasma 
spray coating a portion of a substrate, 
such as a gas turbine compressor blade, 
without masking any portions 


[54] 


2010 


USA 


A method to coat a workpiece such as a gas 
turbine compressor blade 


[55] 


2011 


USA 


Microplasma spray apparatus for boron- 
and nickel-based combination powder 
deposition for repairing gas turbine 
blades without masking 


[56] 


2011 


USA 


A method for repairing an area of damaged 
coating in a component of a gas turbine 
engine by means of microplasma spraying 


[57] 


in the biomedical as well as industrial application areas, where very quick, 
precise, small-area coating depositions are required. 



2.7 Other Coating Processes 

Besides conventional and commercially accepted plasma spraying methods, 
there are many other methods to develop HAp coatings. These typically 
include by way of references, but may not be strictly limited to, methods 
such as high-velocity oxy fuel (HVOF) [58-60], pulsed laser deposition (PLD) 
[61-66], cold spraying [67, 68], liquid precursor plasma spraying (LPPS) [69, 70], 
electrophoretic deposition (EPD) [71, 72], electrohydrodynamic atomization 
(EHDA) [73, 74], sol-gel and dip coating [75-81], biomimetic [82-84], and 



TABLE 2.4 

Relative Merits and Demerits of HAp Coatings Developed by Different Processes 
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sputtering [85, 86]. Now briefly, the aforesaid techniques will be described as 
follows. Based on existing literature, an exhaustive survey of the compara- 
tive merits, demerits, and features of all the processes involved in the deposi- 
tion of HAp coatings has been summarized in Table 2.4. The data presented 
in Table 2.4 suggest that if we consider properties like crystallinity, phase 
purity, porosity, bonding strength, process simplicity, cost-effectiveness, 
and the acceptably high rate of deposition of the deposited coatings, the 
MAPS process in general and the MIPS process in particular emerge as the 
leading contenders of the top position from among those reported so far. 
There is no doubt that these relative advantages, as reflected in the data pre- 
sented in Table 2.4, have remained the major catalyst that basically promoted 
their commercialization. 

2.7.1 High-Velocity Oxy Fuel 

The high-velocity oxy fuel (HVOF) process is basically a modified version 
of thermal spray technology developed in 1980. The theory of the HVOF 
process is based on combustion of a gaseous or liquid fuel and oxygen in a 
combustion chamber. They react with each other in the chamber to form hot 
gas. Examples of gaseous fuel are, e.g., hydrogen, propylene, propane, acety- 
lene, natural gas, etc., while kerosene is a typical example of a liquid fuel. 
The combustion process generates a huge supersonic flame. The pressure 
generated during the combustion process can reach as high as 1 MPa, and 
the generated hot gas can have a combustive wave front speed of more than 
1000 m.s This combination of high pressure and speed is reflected in the 
flame that propagates at supersonic speed and ultimately propels the pow- 
ders or particles exposed to the flame at a speed of about 700-800 m.s -1 on to 
the substrate. The deposited coating will be dense in nature. However, it is 
almost a characteristic feature of coatings produced by this process that due 
to differences of the thermal coefficients of expansion between the substrate 
and the coating material, the microcracks will form more often than not, 
and a significant amount of residual stress can remain frozen in the coatings 
developed by this process. 

2.7.2 Pulsed Laser Deposition 

Pulsed laser deposition (PLD) is a basically a potential thin-film deposition 
technique in a wide category of physical vapor deposition (PVD). In PLD, 
inside a vacuum chamber, a pulsed laser high-energy beam is focused to 
strike a target material that is to be deposited. It is well known that the pro- 
cess will be always complex, as high vacuum is involved. Due to high tem- 
perature, the target material will be vaporized and form a plasma plume. The 
vaporized material will be deposited on a substrate that is suitably placed 
inside the chamber. PLD can be processed in a ultra-high vacuum condition 
or in the presence of a reactive gas like oxygen. There are many basic physical 
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FIGURE 2.4 (See color insert.) 

Schematic representation of PLD process. 

steps involved in such a process technology. At first, of course, the energy 
from the incident laser pulse is absorbed by the target. This absorbed energy 
is at the first stage converted to electronic excitation. Later, the amount of 
energy absorbed is again released back as the electrons fall back to their 
ground states from the temporarily excited states. This secondarily released 
burst of energy is then shared by the target material atoms in three major 
excitation components, e.g., thermal, chemical, and mechanical. This second- 
ary storage of energy finally results in several processes, such as evapora- 
tion, ablation, and plasma formation, that end up in coating deposition. Not 
necessarily always, but occasionally even localized exfoliation of the target 
materials surface can also happen as a result of exposure to an incidence 
of pulsed laser on it. One major limitation of this process, however, is that 
utilizing it, the growth of thick, e.g., -100-200 pm films, is very difficult, if 
not impossible. The schematic representation of PLD is shown in Figure 2.4. 



2.7.3 Cold Spraying 

The cold spraying technique is basically the advanced form of thermal 
spraying. In recent days, it has been gaining popularity due to its ability to 
deposit coatings at a temperature that is much lower than that of the thermal 
spray process. While the high temperature of conventional thermal spraying 
provides a scope to deposit dense coatings, it is also the main cause behind 
microcracking and frozen-in residual stress, which could be detrimental for 
in-service reliability of such coatings. In the cold spraying technique, there- 
fore, the arrangement is made that instead of temperature, the very high 
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FIGURE 2.5 (See color insert.) 

Schematic representation of cold spraying process. 



velocity of the gas jet assists to deposit powder particles on the substrate. 
A typical schematic representation of the cold spray technique is shown in 
Figure 2.5. The details of the cold spraying technique will be discussed in 
Chapter 3. 



2.7.4 Liquid Precursor Plasma Spraying 

The liquid precursor plasma spraying (LPPS) technique is also an emerg- 
ing method of plasma spray technique to develop nanostructured coating, 
where coating materials can be deposited from its slurry or liquid precursor. 
This step is followed by deposition of the powder particle by the conven- 
tional plasma spraying technique. Further details of the LPPS process will be 
discussed in Chapter 3. 



2.7.5 Electrophoretic Deposition 

The electrophoretic deposition (EPD) technique basically involves a guided 
relative motion of particles suspended in a fluid. Flere, the guide is a spatially 
uniform electric field that is applied externally. It is well known that the par- 
ticles can be made to remain suspended in a given fluid. This happens due 
to the electric charge on the surfaces of the particles. It follows easily that all 
such surface charges are screened by an ion layer that bears the same abso- 
lute magnitude of charge but has an electrical character just opposite to that 
of the surface charge. This is what maintains the electrical charge balance 
according to the well-established double-layer theory. What is done in the 
EPD technique is that an external electric field is deliberately applied to per- 
turb this electrical charge balance. This field provides an additional Coulomb 
force of electrostatic origin. As a result of this, a net electrical guiding force 
is generated. This net force guides the motion of the ions in the ion layer 
onto the cathode, where the coating deposition finally takes place. Although 
simplistically described, there are many interesting yet complex interfacial 
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FIGURE 2.6 (See color insert.) 

Schematic representation of EHDA process. 



physical and chemical processes involved in the EPD technique, which may 
well deserve separate, dedicated discussion that is beyond both the perspec- 
tive and scope of the present work. Nevertheless, it is worth mentioning that 
this coating deposition technique can provide better process control. The 
deposited coatings possess good crystallinity. But here, again, the major limi- 
tation of this technique is that the coating thickness is limited to ~10 pm. 



2.7.6 Electrohydrodynamic Atomization 

The electrohydrodynamic atomization (EHDA) method is an emerging 
method to produce thin nanostructured films/coatings as well as predesig- 
nated patterns on a given substrate surface [73, 74, 87]. In this process a liq- 
uid suspension is used. This suspension consists of the nanoparticles of the 
material to be coated. The basic principle of this process is the dissociation of 
the liquid suspension into tiny, atomized spray droplets under the applica- 
tion of an electrical field. Thus, as schematically depicted in Figure 2.6, the 
suspension that has to be coated is jetted from a needle under application of 
an electric field in the EHDA process. However, there are two major limita- 
tions of the coatings developed by the EHDA process. The first one is that 
it is very difficult to develop thicker coatings by this process. The second one 
is that for the coatings deposited by the EHDA technique, the adhesion of the 
coating to the substrate often remains far from satisfactory. 



2.7.7 Sputtering 

Today's emerging scenario is such that not only for the applications involv- 
ing the electronics industry, but also for the applications involving the tribo- 
logical, biomedical, and all other relevant industrial areas where films may 
be needed, the sputtering technique is receiving an ever-increasing level 
of interest. The sputtering technology today has become the most versatile 
technique in thin-film technology for preparing thin solid films of almost 
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any material in the periodic table. The sputtering method is one of the most 
well-known, proven physical vapor deposition (PVD) techniques. It is the 
only method that has become a serious competitor to the better established 
vacuum evaporation (VE) technique. The VE technique involves evapora- 
tion of the target by thermal heating in vacuum condition and sublimation/ 
deposition of the same on a desired substrate kept inside the deposition 
chamber. In the sputtering process, on the other hand, the material to be 
deposited is called the target. It is connected to a negative voltage supply. So, 
it works as the cathode. The substrate on which the coating is to be deposited 
is placed facing the cathode. It is connected to the positive voltage supply. 
So it works as the anode. Now, to start with, a controlled gas, for instance, 
chemically inert argon, is introduced into a vacuum chamber. The chamber 
is typically evacuated up to 10 6 to 10 7 mbar with the combination of rough- 
ing, diffusion, and turbo molecular pumps. Then the cathode is electrically 
energized to generate a self-sustaining plasma. The gas atoms become posi- 
tively charged ions by losing electrons within the plasma. Therefore, these 
positively charged argon ions are accelerated with adequately high kinetic 
energy to hit the target that acts as the cathode. This high-energy bombard- 
ment results in the ejection or sputtering out of the neutral atoms from the 
target surface along with the charged atoms and electrons. It is these neutral 
atoms sputtered out of the target surface that condense into thin films on 
the substrate that works as the anode. Thus, we can understand the physical 
picture of the sputtering process in a more elaborate manner in the following 
way. To start with, a controlled gas, for instance, chemically inert argon, is 
introduced into a vacuum chamber. The chamber is typically evacuated up 
to 10 -6 to 10~ 7 mbar with the combination of roughing, diffusion, and turbo 
molecular pumps. Then the cathode is electrically energized to generate a 
self-sustaining plasma. As mentioned earlier, the exposed surface of the 
cathode, referred to as the target, is a piece of the material to be deposited 
over the substrates. The gas atoms become positively charged ions by losing 
electrons within the plasma. Therefore, these positively charged argon ions 
are accelerated with adequate kinetic energy to hit the target. This bombard- 
ment sputters out atoms or molecules from the target material. The sputtered- 
out material now consists of a vapor stream, comprised of neutral atoms 
along with charged atoms and electrons. It is the neutral atoms of this vapor 
stream that pass through the chamber, and strike and stick to the substrate 
as a film or coating. The surface of the substrate needs to be kept clean so as 
to obtain good film adhesion. Suitable cleaning and handling procedures 
must be used before placing substrates into the vacuum chamber. Moreover, 
it is common to incorporate in situ cleaning features like sputter etch into 
the sputter system as an option. Various measures may have to be taken in 
order to obtain the desired film properties. The sputter system design allows 
process engineers to adjust a number of parameters to obtain desired results 
for variables, such as grain structure, uniformity, thickness, stress, adhesion 
strength, optical or electrical properties, and much more. The type of power 
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FIGURE 2.7 

Schematic representation of a typical three-target rf magnetron sputtering process. (Drawing 
courtesy of Ms. Deeksha Porwal.) 



to be employed on the cathodes must also be taken into account. For instance, 
a DC power is ideal for conductive materials. The corresponding sputter- 
ing technique is known as DC or direct sputtering technique. On the other 
hand, radio frequency (rf) power is also capable of sputtering nonconductive 
materials, e.g., ceramics. The corresponding sputtering technique is known 
as the radio frequency sputtering technique. Pulsed DC is suitable for some 
techniques, such as reactive sputtering. What happens in the reactive sput- 
tering process is that it employs the combination of a reactive gas, e.g., oxy- 
gen, and an elemental target material, i.e., silicon. Therefore, the reactive gas, 
i.e., oxygen, chemically reacts with the sputtered atoms within the chamber. 
This reaction leads to generation of a new compound. It is this newly formed 
compound that serves as the coating material, rather than the original pure 
target material. As a thin-film or coating deposition technique, the major 
advantages of the sputtering technologies include, but are not necessarily 
limited to, good adhesion, high uniformity of film thickness, maintenance 
of the stoichiometry of the original target composition, and epitaxial film 
growth possibility at low temperature. Flowever, there are two major limita- 
tions of this technology as well. One major disadvantage is that usually the 
film deposition rate is low. The other problem is that the target material must 
be in sheet form. A schematic representation of a typical experimental setup 
for rf magnetron sputtering with three targets is shown in Figure 2.7. 
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2.7.8 Sol-Gel and Dip Coating 

We can define the sol-gel technique as a process in which the formation of an 
oxide network happens through polycondensation reactions of a molecular 
precursor in a liquid. It is mainly due to the need of new synthesis methods 
in the nuclear industry that the genesis of this process actually dates back 
to 1960s. Thus, in a simplistic manner, we can try to understand the basic 
idea behind sol-gel synthesis. Here, the idea is to "dissolve" the compound 
in a liquid in order to bring it back as a solid in a controlled manner. One of 
the biggest advantages of this is method is that it is a low-temperature pro- 
cess. It enables mixing at an atomic level. It can give uniformly sized small 
and even nanosized particles, which can be sintered easily later on by con- 
ventional processing techniques. Moreover, it can prevent the problems with 
co-precipitation, which may be inhomogeneous, being a gelation reaction. 
Further, multicomponent compounds maybe prepared with a controlled stoi- 
chiometry by mixing sols of different compounds. The best part of the tech- 
nique is that the precursor sol can be deposited on a substrate to form a film. 
The most popular method of achieving the same is by dip coating or spin 
coating. Before we can discuss this technique further, it is imperative to have 
some basic idea about what a sol is and what a gel is. First, let us understand 
what a sol is. Simplistically speaking, a sol is a stable colloidal suspension. 
It is such a suspension that has a heterogeneous structure, can scatter light, 
and hence is capable of exhibiting the well-known Tyndall effect. Examples of 
naturally occurring sols are milk, blood, smoke, etc. A solution, on the other 
hand, is stable but homogeneous in structure, cannot scatter light, and hence 
is incapable of exhibiting the well-known Tyndall effect. Thus, it may be 
understood that a sol is a stable dispersion of colloidal particles or polymers 
in a solvent. Here, the particles may be either crystalline or amorphous. The 
major difference between a sol and an aerosol is that a sol contains particles in 
a liquid medium, while the aerosol contains particles in a gaseous medium. 

Now let us try to understand what a gel is. A gel, as the name suggests, is 
a jelly-like structure. Actually, it consists of a three-dimensional continuous 
network. This continuous network encloses a liquid phase. The question that 
faces us now is that how the network is formed. Well, if it is a colloidal gel, 
the agglomeration of the colloidal particles frame the three-dimensional net- 
work. What happens in a polymeric gel will of course be different from what 
happens in a colloidal gel. In a polymeric gel, the particles form a polymeric 
substructure. This becomes possible by the aggregation of the subcolloidal 
particles. Highly localized extensive linking of polymer chains can also lead 
to gel formation. It is to be kept in mind, though, that in most of the situa- 
tions involving material synthesis, the nearest neighbor interactions are of a 
covalent nature, while in a sol the suspended nearest neighbors or particles 
can and do mostly interact through forces that belong to either van der Waals 
forces or hydrogen bonds. 
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What happens in a sol-gel process is that the suspended particles in a sol 
agglomerate, and under controlled conditions, they eventually link together 
to form a gel. In the perspective of material synthesis as such, there are two 
generic variations of the sol-gel technique. One is called the colloidal method, 
as mentioned above. The other is called the polymeric (or alkoxide) route. It 
uses an alcohol to suspend the desired particles in the sol. The activation of 
the precursor can be conveniently achieved by the addition of either an acid, 
e.g., HC1, or a base, e.g., KOH. The activated precursors then react together to 
form a network. The network grows and ages with time and temperature until 
it is the size of the container. At this point, the viscosity of the liquid increases 
at an exponential rate until gelation occurs; that is, no more flow is observed. 
As mentioned earlier, the most widespread commercial use of sol-gel is in the 
fabrication and deposition of coatings. The role of the coating may be to pro- 
vide one or more of a number of functions. These may include, for instance, 
but are not necessarily limited to, corrosion protection, abrasion resistance, 
antireflective performance, smart windows, provision of super hydrophobic/ 
hydrophilic surface, ferroelectric activity, surface conductivity, and catalytic 
activity through very high surface area generation, etc. Nevertheless, the major 
limitation of this process is that usually only very thin films (few nanometers/ 
angstroms thick) with appropriate quality can be produced by it, and attempts 
to produce thicker films usually fail due to obvious cracking that results from 
the differential shrinkage rate during the drying stage. 



2.7.9 Biomimetic Coating Process 

What is biomimetics? Well, it literally means the mimicry of biology. It is a 
branch of science in which biologists and engineers shake hands to produce 
"bioinspired" materials. Recent research [82-84] has shown that the biomi- 
metic process is also one of the most promising techniques for producing a 
bioactive coating at ambient temperature. This method aids in natural-like 
formation of a biologically active apatite layer. The layer is usually formed 
on a substrate, e.g., a biomedical implant surface. However, the formation of 
the active apaptite layer happens after immersion of the substrate into an 
artificially prepared solution of calcium and phosphate. The solution is usu- 
ally kept supersaturated at a temperature of about 37°C and a pH of about 7.4. 
This supersaturated solution has a composition identical to that of the fluid 
inside a human body. Hence, this solution is known as simulated body fluid 
(SBF). What happens in this biomimetic deposition process is that through a 
heterogeneous nucleation process, a classical biomimetic calcium phosphate 
phase grows out of the SBF solution and nucleates and grows as a coating 
on the immersed substrate within about 2 to 4 weeks of immersion, provided 
the SBF solution is appropriately replenished. Although the phase purity can 
be assured from this process, due to its very low deposition rate, it is not 
viable for commercialization. 
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2.8 Microplasma vs. Macroplasma Spraying 

Truly speaking, the microplasma spraying (MIPS) process is basically an 
engineered modification of the conventional macroplasma spraying (MAPS) 
process. Already, it has been discussed that as the plasma spot diameter 
is within 1 to 5 mm, the MIPS process can do very precision-level coat- 
ing that the high-power plasma gun used in the MAPS process cannot do. 
Thus, in the MIPS process, the components or implants like dental implants, 
intramedullary pins for bone fracture fixation, etc., with very small dimen- 
sions can be sprayed with high spray efficiency while still maintaining the 
desired thickness. Considering process parameters of MIPS, it is possible 
to feed finer powder particle. In the MIPS process, the plasmatron power 
(e.g., 1-4 kW) is characteristically and deliberately kept much lower than that 
(e.g., 10-40 kW) of the MAPS process. Since less power input is involved, the 
chance of the powder overheating, and hence of an undesirable phase change 
of the HAp powder, as well as overheating of the underlying metallic sub- 
strate being coated, is maximally minimized in the MIPS process. Further, it 
will also contribute to minimize the magnitude of thermally induced stress. 
Because of the efficient miniaturization, the dimensions of the MIPS facil- 
ity can fit in to a "tabletop" facility, and yet can be tailored to still remain 
portable to different zones of the workplace [42-57]. As the MIPS facility is 
compact and portable, it can be operated in a clean-room environment with 
trivial modifications. Moreover, the noise level (25-50 dB) of the MIPS equip- 
ment is much lower than that (80-120 dB) [25-27] of the MAPS equipment. 
Very recent work by the present authors' research group has shown that the 
MIPS process can successfully produce highly crystalline yet adequately 
porous phase-pure HAp coatings on biomedical implants [30-41]. 



2.9 Summary 

In the present chapter, we have discussed the basics of the plasma spray- 
ing process. It has been illustrated how a coating formation happens by this 
process. The relative advantages of the MIPS process over the MAPS pro- 
cess have been adequately addressed. The uniqueness of the MIPS process 
as a coating manufacturing technique has been highlighted, along with its 
application. The other coating processes were also discussed, along with a 
presentation of a comparative narration of their relative merits and demerits. 

HAp coating and its applications will be discussed in Chapter 3. The influ- 
ence of plasma spraying parameters on HAp coating's characteristics will be 
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elaborated. Further, the relative merits and demerits of high-temperature- and 
low-temperature-assisted HAp coating deposition processes will be critically 
analyzed. The state-of-the-art scenario of the nanostructured HAp coatings, 
HAp composite coatings, and doped HAp coatings will be described with 
an analysis of their relative limitations and advantages. Of course, a major 
emphasis will be given on the relative efficacies of the HAp coatings depos- 
ited by the MAPS and MIPS processes. This discussion will finally highlight 
the major success of MIPS-HAp coatings developed in recent times. 
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3 

Hydroxyapatite Coating and Its Application 



In the present chapter, we discussed the hydroxyapatite (HAp) coating and 
its applications. You may ask why HAp coating is required at all. You may 
also inquire about the factors that influence the properties of HAp coatings 
and so on. We shall attempt in this chapter to provide some answers to 
such queries. 



3.1 Background of the Problem and Basic Issues 

Now, we want to tell a story that explains why HAp coatings become essen- 
tial in orthopedic applications in particularly bone fracture fixations. The 
problem originated from a critical biomedical engineering issue, e.g., loos- 
ening of metallic prosthesis fixed with the polymethylmethylacrylate bone 
cement, especially in the case of hip joint replacement, which ultimately 
causes the patient to undergo painstaking revision surgery. Then the engi- 
neers produced a cementless fixation introducing a bioactive HAp (i.e., 
the main inorganic constituent of bones and teeth) coating on the metal- 
lic implants. A wide variety of different coating methods have been devel- 
oped to make the HAp coating on metallic implants more reliable, of which 
ultimately the plasma spraying method has been commercially accepted. 
However, the story was not yet finished at all; a lot of questions came out 
regarding coating adherence, stability, and biofunctionality in both in vitro 
and in vivo environments. Moreover, it has been now realized that the con- 
ventional high-power plasma spray (i.e., macroplasma) coating method 
renders plenty of disadvantages. The major limitations are poor crystallin- 
ity, phase impurity, inadequate porosity that hinders osseointegration, and 
residual stresses, which ultimately lead to inadequate mechanical properties 
and delamination of the coating. These limitations actually lead to the very 
recent development of the microplasma spraying method, as mentioned in 
Chapter 2. 
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3.2 Applications of HAp Coating 

Bone is a natural ceramic composite of HAp-reinforced collagen. This is why 
in the biomedical field the bioactive ceramic coatings, e.g., HAp coatings, are 
used on metallic implants in: 

1. Total hip joint prostheses as an alternative to PMMA cement-based 
fixation 

2. Dental implants for bioactive fixation 

3. Fillers for repairing bone defects 

In all these applications, the highly convoluted interface that develops can 
offer excellent mechanical stability for the bone to grow into the pores of 
the ceramic because it accelerates the rate of bone growth and enhances the 
strength of the bone-implant interface. Thus, the bioactive HAp coating accel- 
erates the kinetics of osseointegration, shields the orthopedic implant from 
environmental attack, e.g., corrosion, and stops the fibrous tissue ingrowth 
that loosens the implant from the damaged tissue site. 



3.3 HAp Coating Developed by Different Methods 

As already mentioned in Chapter 2, there are many methods reported for 
preparation of HAp or HAp composite coatings, including their in vitro and 
in vivo testing [1-37], These include: 

1. Conventional macroplasma spraying (MAPS) [1-7] 

2. Microplasma spraying (MIPS) [8-18] 

3. Laser-assisted processes [19-24] 

4. Other thermal spraying techniques [25-27] 

5. Sputtering [28, 29] 

6. Electrophoretic deposition (EPD) techniques [30, 31] 

7. Sol-gel (SG)-derived techniques [32, 33] 

8. Biomimetics [34, 35] 

9. Electrohydrodynamic atomization (EHDA) spraying [36, 37] 

10. Dip/slurry coatings [38], etc. 

3.3.1 Issues Related to High-Temperature Processes 

There are mainly two types of high-temperature coating processes: thermal 
spraying techniques and laser-assisted processes. Both of these processes suffer 
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from the limitation that in addition to the desirable HAp phase, undesirable 
amorphous as well as other crystalline phases, such as calcium oxide (CaO), 
tricalcium phosphate (TCP), and tetracalcium phosphate (TTCP), are formed 
as a result of exposure to high temperatures. The major problem is that when 
the coating is exposed to physiological fluids, these additional phases prove 
to be detrimental for the long-term chemical stability of the coating [7], The 
other major limitation of any high-temperature process is that the higher the 
temperature, the greater the chance to have larger magnitudes of frozen-in 
residual stresses. The higher the residual stress magnitude, the larger the 
probability of coating failure due to delamination at a later stage [39-42]. 
That is why, notwithstanding its drawbacks, the plasma spraying process 
is still the most widely used method for commercial purposes. The major 
reasons for the same are high deposition rate, better coating adhesion, and 
possibility to control coating thickness. 

3.3.2 Issues Related to Low-Temperature Processes 

As already discussed in Chapter 2, the major low-temperature coating pro- 
cesses are biomimetics, sol-gel (SG) derived, electrohydrodynamic atomiza- 
tion (EHDA) spraying, and dip/slurry coatings. These techniques produce 
uniform coatings not only on any type of substrate material (e.g., metals, 
ceramics, and polymers), but also on even porous or complex implant 
geometries. It has been further demonstrated that high-quality novel nano- 
hydroxyapatite (nHAp) coatings can be produced by biomimetics [35] and 
EHDA [36, 37] techniques. But all these processes, including the EPD tech- 
nique, have two major limitations. The first limitation is that coating adhesion 
is far from desirable quality. The second limitation is that it is very difficult 
to tune and control the porosity to the desirable level in coatings produced 
by such techniques. The coatings produced by SG-derived and EHDA tech- 
niques are unacceptably thin. Further, it takes an almost unacceptably long 
time, e.g., 2 to 4 weeks, to deposit a biomimetic coating [34, 35]. There is also 
a major problem of cracking due to densification in coatings deposited by the 
EPD technique [30]. Cracking during the drying stage is also a major limita- 
tion of the coatings prepared by the SG-derived techniques [32, 33]. Except 
for the biomimetics and EHDA techniques, all other coating deposition tech- 
niques require post-heat treatment at high temperature to improve the adhe- 
sion property of the coating. But this approach brings more problem than it 
solves. Due to mismatch of the thermal expansion coefficients between HAp 
coatings and substrates, large thermal stresses are generated during these 
processes. If and when such stresses are frozen in as residual stresses, it may 
lead to generation of cracks at the interface. The presence of such interfa- 
cial cracks not only decreases the coating adhesion, but also leads to coating 
delamination [39-42]. 
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3.3.3 Issues Related to MIPS Processes 

In very recent approaches the MIPS process [8-18] has also gained popular- 
ity. There are reasons for the same. Some of its major advantages are phase 
purity, high crystallinity, and adequate porosity for better osseointegration, 
along with a reasonably high and acceptable magnitude of mechanical prop- 
erties. The other unique feature of the MIPS process is that it can deposit 
HAp on a variety of complex shapes. Moreover, it requires much less energy. 
This process is therefore much greener than the MAPS process, which is 
much more energy-intensive, and hence more cost-intensive. 



3.4 Microplasma and Macroplasma Sprayed 
HAp Coatings: Pros and Cons 

The practical challenges of the biomedical application of a conventional 
dense high-power macroplasma sprayed or MAPS-HAp coating include: 

1. Occlusion of the porous surface 

2. Too fast bioresorption 

3. Late delamination with formation of particulate debris [43, 44] 

The last factor is an issue of significant importance in the case of, e.g., hip 
implants because particulate debris of HAp might well accelerate polyethyl- 
ene wear-induced granulomatous tissue response with an associated bone 
lysis [45]. On the other hand, the microplasma sprayed (MIPS) HAp coatings 
[8-14] possess a high degree (>90%) of crystallinity and a high porosity level 
(10-20%), which takes care of the controlled bioresorption and osseoconduc- 
tivity [2, 40-42], i.e., the capability of supporting the ingrowth of sprouting 
capillaries, perivascular tissues, and osteoprogenitor cells from the recipient 
host bed into the three-dimensional structure of an implant or graft. 

Very recently, the present author and coworkers have illustrated that 
MIPS-HAp coatings can also act as a promising coating method for implants 
in orthopaedic applications [8-14], For instance, a MIPS-HAp-coated intra- 
medullary pinning utilized for bone fracture fixation showed promising tis- 
sue response [9]. This could be achieved because compared to macroplasma 
(MAPS) sprayed HAp coatings, the MIPS process: 

1. Requires much less plasmatron power (e.g., 1-4 kW cf. 10-40 kW 
or higher) 

2. Generally avoids formation of impure and amorphous phases 
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3. Provides a much higher degree of phase purity and crystallinity 
(e.g., >80% cf. <70%) 

4. Induces a relatively higher degree of porosity (e.g., -20% cf. <2-10%) 
that facilitates bony tissue ingrowth 

The term micro generally refers to the comparatively lower power level 
required for the conventional MAPS. However, too high levels of porosity 
are not really desirable in a thermally sprayed coating on implant material; 
although a high porosity might seem favorable to osteointegration, a very 
porous coating is likely to possess poor mechanical strength and poor adhe- 
sion to the substrate [2, 39, 40], so that the coating might delaminate or release 
highly undesirable debris, which obviously impairs osteointegration by elic- 
iting an unfavorable tissue responses. Moreover, an excessive penetration of 
body fluids in the coating might cause dissolution of the coating material in 
the interface region, further weakening the adhesion strength. Therefore, it 
is generally recommended that a proper compromise between porosity and 
mechanical properties be devised [2, 12]. 



3.5 Influence of Plasma Spraying Parameters on HAp Coating 

3.5.1 Role of Plasma Spraying Atmosphere, Spraying Current, 
and Stand-Off Distance 

Yang and coworkers [46] showed that in the conventional atmospheric 
plasma sprayed (APS) HAp on the Ti-6A1-4V substrate, the coating character- 
istics, such as phase purity, crystallinity, morphology, and roughness, were 
affected by the plasma spraying parameters, especially the spraying atmo- 
sphere. For instance, they reported that Group I HAp coatings having H 2 as 
the secondary plasma gas contained higher impurity phases, less crystallin- 
ity, and better melting of the coating. In contrast. Group II HAp coatings hav- 
ing He as the secondary plasma gas revealed lower impurity levels, higher 
crystallinity, and worse melting of the coating. 

Further, the amount of impurity phases in Group I HAp coatings [46] 
increased with H 2 content and spraying current, but was not related to the 
stand-off distance. The index of crystallinity for Group I HAp coatings 
decreased with increasing H 2 content, spraying current, and stand-off dis- 
tance. However, for the Group II HAp coatings, the index of crystallinity was 
more than 50%, and almost 95% apatite with barely detectable (<5%) extra 
phases was obtained. They [46] opined that the simultaneous achievement of 
both better melting of the coating, e.g., as in the Group I HAp coatings, and 
a higher phase purity, e.g., as in the Group II HAp coatings, was difficult. 
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Because the heat content of diatomic H 2 gas was higher than that of the 
monoatomic He gas [47], the higher heat content in the plasma of Group I 
provided a greater ability to melt the starting HAp, leading to more oppor- 
tunities for phase decomposition than possibly those in the other plasma of 
Group II. As such, the plasma spraying process subjects the HAp material to 
high temperatures with abundant heat content. Therefore, it is expected that 
the phase stability of HAp might no longer hold out perfectly. As a result, the 
HAp phase tends to decompose. 

As per phase diagram and related literature data, the phase decomposi- 
tion probably proceeds in several steps: At high temperature, possibly above 
1450°C, there is decomposition of HAp to form a-TCP (a-Ca 4 (P0 4 ) 2 ) and TP 
(Ca 4 P 2 0 9 ) [48]. Being an unstable phase at room temperature, a-TCP natu- 
rally transforms to (3-TCP ([3-Ca 4 (P0 4 ) 2 ] (stable phase at room temperature) at 
about 1100°C. If the environment involves a high heat content, the TP phase 
would further decompose to form HAp and CaO [48]. Thus, the distinctive 
difference in phase composition between Group I and Group II HAp coat- 
ings is expected to happen [46]. 

As a result, higher amounts of impurity phases were obtained for HAp 
coatings sprayed using Group I plasma spraying parameters. In the same 
way, the impurity phase amounts increased with H 2 content and spray- 
ing current, owing to increase in the heat content in the plasma spraying 
parameters. In contrast, the high phase purity of the Group II HAp coatings, 
revealing lower impurity phase values, was due to the lower heat content of 
the plasma spraying parameters involved. It was further suggested [46] that 
since the heat content of the plasma was not changed with variation of the 
stand-off distance, the impurity phase contents of HAp coatings were not 
influenced by the stand-off distance variable [46]. 



3.5.2 Role of Gun Traverse Speed 

For the HAp/Ti-6Al-4V composite coating, Quek et al. [49] indicated that 
the faster gun transverse speed results in a highly porous coating with low 
crystallinity and a mechanically weak bonding. In the other case, Yang and 
Chang [50] showed that for each kind of HAp coating, the substrate tem- 
perature of the specimens decreased with increasing surface speed of the 
gun transverse. 



3.5.3 Role of Specimen Holder Arrangements 

Owing to the higher surface speed and the corresponding better surface 
cooling, the specimens manufactured using the rotational holder (e.g., 
B-HAp coatings) showed [50] in general a lower substrate temperature than 
that obtained in a fixed holder (A-HAp coatings). The bonding strengths 
of the A-HAp coatings (9-16 MPa) were reported to be substantially lower 
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than those of the B-HAp coatings (21-26 MPa). The data have been explained 
in terms of the role of porosity in the microstructure. The denser microstruc- 
ture in B-HAp coatings gave better bonding strength, while the less dense 
microstructure in A-HAp coatings gave a comparatively poorer bonding 
strength [50]. 

3.5.4 Macroplasma Spraying vs. Microplasma Spraying 

Recently Zhao et al. [51] showed that the microplasma sprayed coatings could 
be deposited with HAp content exceeding 85%. Just as during MAPS, during 
MIPS process also the electric current and spray distance both significantly 
influenced the coating structure and crystallinity. In addition, they found 
that the argon flow rate was also a very important parameter for the MIPS 
process. Recently, the present authors and coworkers reported the crystallin- 
ity of MIPS-coated HAp as -80%, and further improvement (e.g., -90%) was 
possible after post-annealing [8-14], The porosity was also reported to be 
very high, e.g., about 11-20%, with adequate bonding strength [8-14]. 



3.6 Nanostructured HAp Coating 

If we consider high-temperature thermally sprayed coatings, strictly speak- 
ing, they are not nanostructured, but rather micron scale. To obtain the nano- 
HAp coatings, chemical routes like the sol-gel dip method, biomimetics, and 
EPD are suitable methods. Further, physical vapor deposition, in particu- 
lar the sputtering technique, and chemical vapor deposition are applied to 
develop nanostructured HAp. However, it is very difficult to develop the 
desired thickness, in the range of about 100 to 250 pm, especially for biomed- 
ical and orthopedic applications, by the aforesaid deposition techniques. An 
adequate porosity level is also difficult to achieve with these coating tech- 
niques. The plasma spray process with a starting HAp powder nanostruc- 
tured particle made by the spray drying technique can be an alternative 
option to get nanostructures with adequate porosity level and thickness. A 
detailed discussion of this process is provided in Chapter 12. 



3.7 HAp Composite Coating 

It is a well-known fact that HAp possesses poor mechanical properties. 
During in vivo implantation, the structural integrity of the coating is one 
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of the key factors, besides its favorable biological responses. To increase 
the mechanical properties, particularly the fracture toughness of the HAp 
coating, tough YSZ, TiO z , and carbon nanotube (CNT) have been intro- 
duced as a second phase with the HAp [52-54]. The HAp-YSZ [52] and 
HAp-CNT composites [54] were developed by the MAPS method, whereas 
HAp-Ti0 2 composites [53] were developed by the high-velocity oxy fuel 
(HVOF) technique. Apart from the HAp-based composites, the doping of 
fluorine by the dip coating technique can also improve the bonding strength 
of the HAp coating. 



3.8 Plasma-Sprayed HAp Coating: Current Research Scenario 
3.8.1 Robot-Assisted Plasma Spraying 

Generally, for commercial development of HAp coating, the atmospheric 
or air plasma spraying method with a power level of 10-40 kW or more 
has been utilized. Nowadays, the uses of a manipulator and robotic arm 
have been introduced to improve the uniformity of the coatings. With the 
state-of-the-art robotic arm-controlled plasma gun, it is possible today to 
coat any contour- or complex-shaped component/implants with HAp. 



3.8.2 Vacuum Plasma Spraying 

Instead of an air environment, a vacuum environment is also popular for the 
plasma sprayed HAp coating's development. The advantage of the vacuum 
atmosphere is that it reduces the chance of oxidation and preserves a more 
hygienic way of coating preparation. Actually, first the vacuum plasma spray 
(VPS) chamber is evacuated in the range of about 0.1-0.08 mbar. Then the 
chamber is filled with inert gas at a low pressure of about 100 mbar. The 
plasma spraying follows as the next step and usually leads to a coating den- 
sity better than that which could be attained with a conventional APS or 
MAPS process. 

The VPS-HAp coatings were found to possess a lower residual stress, a 
higher crystallinity, and a higher level of porosity [55]. The effect of power 
levels on characteristics of VPS-HAp coatings had been studied by many 
researchers [56, 57]. Further, the efficacy of the VPS-HAp coatings showed 
the proof of stability in both SBF and fetal calf serum (FCS) mediums [58]. 
The osseointegration property of the VPS-HAp-coated implants were also 
successfully studied by Aebli et al. in sheep models [59]. They found a 
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significant improvement of interfacial shear strength measured by the pull- 
out tests over all the time intervals, e.g., 1, 2, and 4 weeks after implantation. 



3.8.3 Liquid Precursor Plasma Spraying 

Development of both dense and porous nanostructured HAp coatings can 
also be produced utilizing liquid precursors, as mentioned in Chapter 2, 
by the liquid precursor plasma spraying (LPPS) technique [60, 61]. A much 
higher porosity (48%) and the pore size of 10-200 pm can be achieved in 
coatings deposited by the LPPS process. When evaluated with human osteo- 
blastic cell MG-63, the osteoblastic cell responses of such LPPS HAp coatings 
had also shown promising results. 



3.8.4 Cold Spraying 

The cold spraying technique falls in a wide category of thermal spraying. 
For deposition of metallic or ceramic coatings at lower temperatures, this 
method has become very popular nowadays. As mentioned in Chapter 2, 
in this process, a hot gas, e.g.. He, Ni, or dry air at very high velocity (e.g., 
around 300-1200 m.s '), is used to propel either metallic or ceramic powder 
particles onto the substrates to affect deposition of a uniform coating. The 
coating basically forms due to the impact of the powder particles at super- 
sonic velocity rather than due to high-temperature melting. Thus, in this 
process, oxidation of substrates, poor crystallinity, introduction of residual 
stresses, etc., can be avoided [62], Recently, Lu et al. [63] demonstrated the 
deposition of HAp-Ti composite coatings by the cold spraying method. The 
coatings also exhibited good bioactivity in SBF medium. In another recent 
report, Noorakma et al. [64] developed 20-30 pm thick HAp coatings on bio- 
degradable AZ51 magnesium alloys. They utilized a modified cold spraying 
technique. Here, instead of a higher temperature, i.e., 700-800°C, a hot gas 
at 400°C was utilized. They also studied the efficacy of the deposited HAp 
coatings in SBF medium. However, due to the low deforming ability or less 
ductility of HAp, as expected for a brittle material, the amount or quantum 
of works reported for HAp coatings deposited by the cold spraying tech- 
nique is rather limited. 



3.8.5 Microplasma Spraying 

To develop a phase-pure and porous, yet highly crystalline HAp coating, 
as mentioned in Chapters 1 and 2, plasma spraying with a very low plas- 
matron power (e.g., 1-2 kW, i.e., microplasma spraying) has recently been 
introduced by the present authors and coworkers [8-14], as well as other 
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researchers [15-18]. In fact, from the reports of Dey and his coworkers [8-14], 
a few things have been proved. These are as follows [8-14]. The MIPS-HAp 
coating on SS316L metallic implants can be successfully and reproducibly 
deposited. These MIPS-HAp coatings possess a high degree of crystallinity 
(80-92%) and porosity (11-20%). The presence of porosity can be optimized 
in such a way as not to compromise the mechanical properties of the MIPS- 
HAp coatings. These coatings had high bonding strength (-20-13 MPa), high 
hardness (-4.5 GPa), large Young's modulus (-80 GPa), and high toughness 
(-0.6 MPa.m 0 5 ) with a unique damage-tolerant microstructure. In fact, these 
MIPS-HAp coatings showed a satisfactory result in in vitro SBF solution as 
well as in in vivo animal trial. On the other hand. Junker et al. [15, 16] have 
also established the efficacy of MIPS-HAp coatings in in vivo animal trials 
through goat and dog models. 



3.9 Summary 

In the present chapter, the HAp coating and its applications have been dis- 
cussed in detail. The influence of plasma spraying parameters on HAp coat- 
ing's characteristics has been elaborated. Further, the relative merits and 
demerits of high-temperature- and low-temperature-assisted HAp coating 
deposition processes have been critically analyzed. The state-of-the-art sce- 
narios of the nanostructured HAp coatings, HAp composite coatings, and 
doped HAp-coatings have been described, with an analysis of their relative 
limitations and advantages. Of course, a major emphasis has been given on 
the relative efficacies of the HAp coatings deposited by the MAPS and MIPS 
processes. This discussion highlighted the major success of MIPS-HAp coat- 
ings developed in recent times. 

Structural and chemical properties of HAp coatings will be discussed in 
Chapter 4. The emphasis will be on evaluation of different microstructural 
parameters, such as the phase purity, presence of multiple phases and crys- 
tallinity, porosity, stoichiometry, variation of thickness, spectroscopic inves- 
tigation of surface groups, etc. Such discussions that include HAp coatings 
developed by different processes will be elaborated. Further, detailed micro- 
structural features of MIPS-HAp coatings, such as the splat geometry and 
dimension, macro- and micropore sizes and their distributions, macro- and 
microcrack sizes and their distributions, etc., will be presented. The forma- 
tion mechanisms of the highly porous, heterogeneous microstructure of the 
MIPS-HAp coatings shall be explained. In addition, the porosity dependen- 
cies of mechanical properties of MIPS-HAp will be discussed in Chapter 4, 
and the importance of pore shape in affecting the magnitudes of elastic con- 
stants in MIPS-HAp coatings will be critically evaluated. 
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Structural and Chemical Properties 
of Hydroxyapatite Coating 



4.1 Introduction 

In this chapter we discussed the structural and chemical properties of HAp 
coating. We provide information on the phase analysis, stoichiometry and 
Ca/P ratio, microstructure, surface roughness, etc. The data presented in 
Table 4.1 [1-20] summarize the data from the literature on degree of crystal- 
linity, thickness, and porosity of HAp coatings deposited by macroplasma 
spraying (MAPS) and other methods. 

4.1.1 Thickness of HAp Coatings 

The data presented in Table 4.1 show that depositions of both thin (3-23 pm) 
and thick HAp-based coatings have been reported in the literature. The rela- 
tively thinner coatings were deposited by low-temperature processes like 
sol-gel and biomimetic routes [13, 15-17]. The limitations of these processes 
are that generally, thicker coatings cannot be deposited by these techniques. 
In fact, even if an attempt is made to deposit thicker coatings by such tech- 
niques, often the coatings delaminate due to poor adhesion. That is why 
coatings of higher thickness, e.g., 50-300 pm, are usually deposited by the 
high-temperature processes, like MAPS or microplasma spraying (MIPS) 
[1-12, 18-20]. In general, for the in vivo application, the most preferred coat- 
ing thickness is at least more than 150 pm. The adhesion properties of both 
MAPS and MIPS coatings were comparatively much superior to those of the 
sol-gel and biomimetic HAp coatings. However, due to high amount of resid- 
ual stress, often MAPS-HAp coatings showed long microcracks in directions 
both parallel to and perpendicular to the substrate, as shown in Figure 4.1a, 
b [2[. The major problem of concern is that such MAPS-HAp coatings may 
fail or delaminate at a later stage in in vivo implantation. In contrast, MIPS 
coatings didn't show any long cracks. It may be plausible that, as the input 
plasmatron power was less, so the amount of heat and temperature were 
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TABLE 4.1 



Degree of Crystallinity (X c ), Thickness ( t c ), and Porosity (p) of HAp Coatings 



Coating Conditions 








Reference 


P/S 


CP 


X c (%) 


t c (pm) 


p (%) 


HAp/Ti-6Al-4V 


MAPS 




180 ± 20 


3.54: 


[1] 


HAp / Ti-6 A1-4V 


MAPS 


27-47 


180 ± 20 


6-9 


[2] 


HAp / Ti-6 A1-4V 


MAPS 


44-73 


180 ± 20 




[3] 


HAp / Ti-6 A1-4V 


MAPS 




200 




[4] 


HAp/Ti-6Al-4V 


MAPS 


50-80 


200 


3.5-9 


[5] 


HAp / Ti-6 A1-4V 


MAPS 


22-64 


200 


4-12 


[6] 


HAp / Ti-6 A1-4V 


MAPS 




50-200 




[7] 


HAp/Ti 


MAPS 




200 




[8] 


HAp composite/Ti-6Al-4V 


MAPS 








[9] 


H Ap-BG / Ti-6 A1-4V 


MAPS 




100 




[10] 


HAp-Na- Ti/Ti-6A1-4V 


MAPS 




300 




[11] 


HAp, HAp-Ti-6Al-4V/Ti-6Al-4V 


MAPS 






16-18 


[12] 


YSZ-HAp/SS 


SG 




23 




[13] 


HAp / Ti-6 A1-4V 


SG 








[14] 


HAp / Ti-6 A1-4V 


Aero SG 




5 




[15] 


p-TCP, FHAp /Ti-6A1-4V 


SG 




~3 




[16] 


HAp/BG, GC, H d , Ti 


B 




10 




[17] 


HAp/SS316L 


MIPS 


80, 91 


-200 


20-11 


[18-20] 



Note: P/S = coating/substrate, CP = method of coating, X c = degree of crystallinity of the 
coating, t c = thickness of the coating, MAPS = macroplasma spraying, MIPS = 
microplasma spraying technique, SG = sol-gel technique, B =biomimetic process, 
p = percentage of porosity, FHAp = fluoridated hydroxyapatite, BG = bioglass, 
GC = glass-ceramic, and H d = dense hydroxyaptite. 




FIGURE 4.1 

The MAPS-HAp coatings showed (a) parallel and (b) perpendicular long microcracks with 
respect to the substrate. (Reprinted from Yang and Chang, Thin Solid Films, 444: 260-275, 2003. 
With permission from Elsevier.) 
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lesser compared to those in the case of the MAPS-HAp coatings. Hence, the 
amount of residual stress was possibly smaller than that generated in the con- 
ventional MAPS-HAp coatings. A detailed discussion on the microstructure 
development of MIPS-HAp coatings will be taken up later in this chapter. 



4.1.2 Porosity of HAp Coatings 

The MAPS-HAp coatings are dense, and hence barring one or two exceptions 
where porosity greater than 15% has been reported [12], they are generally 
restricted to the small range of 3.5 to 12% [1, 2, 5, 6]. The porosity is usually 
measured by the image analysis technique from a large number of scanning 
electron microscopy (SEM) or field emission scanning electron microscopy 
(FESEM) photomicrographs, which adequately represent the microstructure 
of a given coating. The typical dense microstructure of a MAPS-HAp coat- 
ing deposited in-house on SS316L is shown in Figure 4.2. Now, as we have 
already discussed in Chapters 2 and 3, the MIPS-HAp coatings always show 
porosity, e.g., -20% [18-20] or more, that is obviously much higher than what 
could be achieved with the conventional MAPS-HAp coatings. Thus, it needs 
to be reemphasized once more here that from the in vivo application point 
of view, the efficacy of osseointegration for a porous HAp coating is much 
better than that of the denser one. 




FIGURE 4.2 

Dense microstructure of MAPS-HAp coatings. 
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4.1.3 Crystallinity of HAp Coatings 

The degree of crystallinity of the MAPS coatings as reported in the literature 
covers a truly spectacular range, i.e., as low as 22% and as high as 80% [2, 3, 
5, 6]. Post-deposition annealing hikes the degree of crystallinity further. The 
impurity phases like tricalcium phosphate (TCP), tetracalcium phosphate 
(TTCP), calcium oxide (CaO), etc., are generally always present in MAPS 
coatings, e.g., as shown in Figure 4.2. The degree of crystallinity of this par- 
ticular MAPS coating developed in-house on SS316 was -53%. The degree of 
crystallinity (XJ corresponding to the fraction of crystalline phase present 
in the examined volume was evaluated from the x-ray diffraction (XRD) data 
using following relationship [21]: 



~ 1 (^ 112 / 300 /^ 300 ) (4-1) 

where I 300 is the intensity of (300) reflection and V 112/300 is the intensity of 
the hollow between (112) and (300) reflections, which completely disappears 
in noncrystalline samples. Just to give a typical illustration of how things 
are done, the XRD pattern of an in-house-developed MAPS-HAp coating 
is shown in Figure 4.3, and the enlarged view of the peaks corresponding 
to the (211), (112), and (300) planes referred to in Equation (4.1) is shown in 
Figure 4.4. 




FIGURE 4.3 

XRD pattern of MAPS-HAp coating show several impurity phases. 
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FIGURE 4.4 

Enlarged view of a typical XRD pattern of MAPS-HAp to identify (211), (112), and (300) planes. 



4.2 Stoichiometry of HAp 

The data on chemical analysis as obtained from inductively coupled plasma 
atomic emission spectroscopy (ICP-AES) analysis of the HAp powder pre- 
pared by the wet chemical route [18-20] are given in Table 4.2. The Ca/P 
molar ratio was calculated to be -1.67, indicating that the powder was stoi- 
chiometric in nature. Further, from transmission electron microscopy (TEM) 
based EDX data, the Ca/P ratio of the HAp powder was found as -1.67. These 
data tallied also with the Ca/P ratio of the powder as measured by the ICP- 
AES technique, as mentioned earlier. Further, the experimentally measured 
Ca/P ratio of the MIPS-HAp coatings was exactly the same as that of the 
HAp powder. 



TABLE 4.2 



Chemical Analysis of HAp Powder 



Constituents 


Wt% 


CaO 


53.58 


P 2 O 5 


40.89 


f ; e 2 0 . 


0.02 


MgO 


0.5 


Pb 


Trace 


Cd 


Trace 



Source: Dey et al.. Materials and Manufacturing 
Processes, 24: 1321-1330, 2009. Reprinted 
with permission from Taylor and 
Francis Group. 
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4.3 Phase Analysis of MIPS-HAp Coatings 

XRD patterns of the HAp coating in the as-sprayed condition and after heat 
treatment at 600°C are shown in Figure 4.5a, b [18-20]. The XRD pattern of 
the as-sprayed coating (Figure 4.5a) showed the major presence of the peaks 
corresponding to the FIAp phase (JCPDS file 09-0432). However, in addition 
to the peaks corresponding to those of the pure HAp phase, only two other 
minor peaks of crystalline a-TCP and TTCP were identified. Similar obser- 
vations were also reported by other researchers [6, 22]. The degree of crystal- 
linity of the as-sprayed coating was calculated as -80% (Figure 4.5a), which 
was slightly less than that of the HAp powder, e.g., -90%. This was possible 
due to the presence of (a) crystalline phases other than the HAp phase, as 
mentioned earlier, or (b) amorphous phase, which could be formed during 
the microplasma spraying process itself. On the other hand, XRD pattern 
of the heat-treated coating (Figure 4.5b) showed all the peaks characteristic 
of the crystalline HAp phase only. Realistically, the degree of crystallinity 
was enhanced by 12% after post-heat treatment at 600°C. It had happened 
most likely due to the recrystallization of the amorphous phase that was 
perhaps present in the as-sprayed MIPS-HAp coating. It needs to be empha- 
sized further that an increase of post-deposition heat treatment temperature 
to a magnitude higher than 600°C had already been reported to induce an 
adverse effect on both the substrate [23] and the coating crystallinity [24]. 
Therefore, in the research conducted by the present authors and cowork- 
ers, no attempt was made in the present work [18-20] to enhance the post- 
deposition heat treatment temperature to a magnitude higher than 600°C. 



■ TTCPOCPDS: 25-1137) 
O a-TCP(JCPDS: 09-0348) 



3 

d - 




— As-sprayed 

— Post-heat treated 



•I-* — 



40 

Degrees 20 



FIGURE 4.5 

XRD pattern of HAp coating: (a) as sprayed and (b) post-heat treated at 60CTC. (Reprinted from 
Dey et al.. Materials and Manufacturing Processes, 24: 1321-1330, 2009. With permission from 
Taylor and Francis Group.) 
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4.4 Spectroscopic Investigation of MIPS-HAp Coatings 

The data on Fourier transform infrared spectroscopy (FTIR) spectra of the 
FIAp coating are shown in Figure 4.6a and b for both the as-sprayed coating 
and the coating post-heat treated at 600°C, respectively [18, 20]. FTIR spectra 
of both the as-sprayed coating and the coating post-heat treated at 600°C 
(Figure 4.2a, b) were comparable to those reported in the literature [25-30]. 

For instance, the band at around 961 cm’ 1 in the MIPS-FIAp coating 
(962 cm 1 . Figure 4.6a) was the characteristic of nondegenerate symmetric 
stretching of the P0 4 3- group (v,) in FIAp [25]. The doubly degenerate O-P-O 
bending band (v 2 ) was present at 469 cm in the as-sprayed coating (Figure 4.6a) 





(b) 

POf,# OH~, ■ Absorbed moisture and • Absorbed C0 2 



FIGURE 4.6 

FTIR spectra of the MIPS-HAp coating: (a) as sprayed and (b) post-heat treated at 600°C. 
(Reprinted from Dey et al.. Materials and Manufacturing Processes, 24: 1321-1330, 2009. With per- 
mission from Taylor and Francis Group.) 
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and at 477 cm 1 (Figure 4.6b) in the post-heat-treated FIAp coating. The bands 
at 1046 and 1092 cm 4 for both the as-sprayed coating (Figure 4.6a) and the 
post-heat-treated coating (Figure 4.6b) signify asymmetric O-P-O stretching 
band (v 3 ). The bands located at 569 and 600 cm 4 of the FTIR spectrum of the 
as-sprayed (Figure 4.6a) and post-heat-treated (Figure 4.6b) coatings stand for 
the triply degenerate asymmetric O-P-O bending band (v 4 ) [25]. 

It may be also noted from the data presented in Figure 4.6b that because 
there was high crystallinity in the post-heat-treated coating, the correspond- 
ing peaks at 569 and 600 cm 4 were very sharp and were split with a sharp 
bend. It was also interesting to note that the characteristic bending band for 
OH -1 occurred at 632.3 cm 1 in the FIAp powder [18-20], but it disappeared 
in the as-sprayed coating (Figure 4.6a), thereby possibly suggesting that the 
amorphous phase in the as-sprayed coating would have very little, if any, 
hydroxyl group incorporated within its structure. However, post-heat treat- 
ment at 600°C led to the reappearance of the characteristic bending band for 
OH 1 at 631 cm 1 (Figure 4.6b), possibly implying the reestablishment of a 
hydroxylated HAp structure. Similar observations have also been reported by 
other researchers [26]. This reestablishment of a hydroxylated HAp structure 
may be linked to the increase in crystallinity (92%) of the HAp coating. The 
broader band in the as-sprayed coating (Figure 4.6a) at about 960 to 1100 cm 4 
was split into two appreciable adsorption bands after post-heat treatment at 
600°C (Figure 4.6b). Thus, the pronounced peaks at 1046 and 1092 cm 1 of the 
coating (Figure 4.6b) were linked to enhanced crystallinity [26]. 

However, some minor peaks, as reported by other workers [27-30], were 
also observed in the present work (Figure 4.6a, b). As mentioned earlier, 
their occurrence could possibly be attributed to the absorption of moisture 
and CO z . Similar observations have been reported by other researchers also 
[27, 30]. There was a larger bulge on the right side of the small adsorption 
peak at 3569 cm 4 in the spectrum of as-sprayed coating (Figure 4.6a). After 
the post-heat treatment at 600°C, this bulge was substantially reduced and 
the adsorption peak became sharper (Figure 4.6b). The band at 3571 cm 4 has 
been referred to as a stretching band of OH 1 in the literature [26]. This infor- 
mation suggests that a rehydroxylation occurred in the MIPS-HAp coatings 
of the present work following the heat treatment. Thus, the overall observa- 
tions of the FTIR spectra corroborated well with the XRD data. 



4.5 Microstructure of MIPS-HAp Coating 
4.5.1 As-Sprayed Condition 

The surface morphology of the as-sprayed top surface, i.e., plan section, 
is shown through SEM (Figure 4.7a, b) [18, 20]. The microstructure of the 
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FIGURE 4.7 

SEM images of the plan section of the MIPS-HAp coating: (a) as-sprayed, at low magnifica- 
tion, and (b) as-sprayed, at high magnification. Unmelted splats retaining a nonflattened core 
(white bold arrow), macro- and micropores (white bold arrowheads), intra- and intersplat 
cracks (black thin arrow), and deformed splats (black bold arrow). (Reprinted from Dey et al.. 
Materials and Manufacturing Processes, 24: 1321-1330, 2009. With permission from Taylor and 
Francis Group.) 

coating was heterogeneous and also highly porous. These open pores favor 
bony tissue ingrowth, as mentioned earlier. Others researchers [31-33] have 
also mentioned the heterogeneous structure of the HAp coatings. 

The splat size of the coating was -50-70 pm. The macro- and micropore 
sizes of the coating were -10-50 pm and -1 pm, respectively. The complex 
microstructure of the present coating consisted of completely or partially 
molten, deformed, and unmelted splats retaining a nonflattened core, micro- 
pores, macropores, intersplat, and intra-splat cracks (Figure 4.7b), and those 
are schematically illustrated in Figure 4.8 [34, 20]. 

Further, high-magnification SEM photomicrographs of the as-deposited 
MIPS-HAp coatings are shown in Figures 4.9a-h [18, 19]. Layer by layer 
stacking of molten splats and the interface between splats are depicted in 



Inter-splat 
Inter-lamellar pores 
Inter-lamellar pores (CS) 
Un/partially melted particle (CS) 
Inter-splat cracks (CS) 

Intra-splat cracks (CS) 
Intra-lamellar pores (CS) 



cracks (PS) 
(PS) 



Intra-lamellar 

Plan Section P ores ( ps ) 



Intra-splat Un/partially melted 
cracks (PS) particle (PS) 




Cross Section 


.4 







MIPS-HAP 

coating 



FIGURE 4.8 (See color insert.) 

Schematic of the structure and nature of the MIPS-HAp coating. (Reprinted from Dey et al.. 
Journal of Materials Science, 44: 4911-4918, 2009. With permission from Springer.) 
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FIGURE 4.9 

SEM images of as-sprayed microstructure of the MIPS-HAp coating: (a) stacking of splats, (b) 
macropore in a single splat, i.e., intrasplat pore, (c) macropore in between the splats, i.e., inter- 
splat pore, (d) tiny worn-out parts of splats, (e) cracks in a single splat, i.e., intrasplat cracks, (f) 
intrasplat cracks at higher magnification, (g) cracks in between splats, i.e., inter-splat cracks, 
and (h) an unmelted HAp granule. (Modified/reprinted from Dey et al.. Journal of Thermal 
Spray Technology, 18: 578-592, 2009. With permission from Springer.) 
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Figure 4.9a. Further, a long intrasplat crack was found, indicated by the black 
dotted line in Figure 4.9a. In addition, typical intrasplat and intersplat mac- 
ropores are shown in Figure 4.9b and c, respectively, while torn-out small 
parts of splats with different magnifications are also shown in Figure 4.9c, d. 
The presence of inclined cracks in between splats is shown at a lower mag- 
nification in Figure 4.9c and at a higher magnification in Figure 4.9d. These 
worn-out small parts were presumably produced due to impact between 
FIAp granules and the substrate during the deposition process by the 
MIPS method, and consequently might have been surrounded at the coat- 
ing surface. 

Further, the cracks inside a given splat, i.e., typical intrasplat cracks, are 
shown in Figure 4.9e, f. The portion of intrasplat cracks marked in Figure 4.9e 
is shown at higher magnification in Figure 4.9f. It clearly shows also that the 
cracks grew both parallel and perpendicular to the microplasma spraying 
directions. Further, in the microstructure the cracks got deflected in an indis- 
criminate fashion. This was most likely governed by the local thermomechan- 
ical history during the microplasma spraying process. Similarly, there were 
cracks formed in between the splats, as shown in Figure 4.9g. The widths of 
intersplat cracks, as shown in Figure 4.9g, are larger than those of intrasplat 
cracks (Figure 4.9e, f). These cracks occurred probably due to the coefficient 
of thermal expansion (CTE) mismatch between the substrate SS316L metal 
and the deposited HAp ceramics. Further, unmelted spherical granule was 
also found in the MIPS-HAp coating microstructure (Figure 4.9h), which 
could also possibly be linked to hinder further improvement in the crystal- 
linity of the FIAp coating. All these factors, as discussed above, contribute 
thus to the formation of a very heterogeneous microstructure in the present 
MIPS-HAp coating, as also shown schematically in Figure 4.8. 



4.5.2 Microstructure of MIPS-HAp Coatings in the Polished Condition 

The polished top surface of the coating, i.e., plan section, is shown in 
Figure 4.10a-e at different regions and at various magnifications. The coat- 
ing showed the characteristic presence of a large number of macrocracks, 
microcracks, cracks in between two splats, and cracks confined inside single 
splats, macro- and micropores, etc. The average volume percent open poros- 
ity as measured from image analysis of a multitude of the different SEM and 
FESEM micrographs of the coating was -19.17 ± 1.98. A collection of the SEM 
images is shown in Figure 4.10e, f for the polished cross-sectional surfaces of 
MIPS-HAp coatings. 



4.5.3 Splat Geometry and Dimension 

The distribution of splat size and aspect ratio of the splats were as shown 
by the data presented in Figure 4.11a and b, respectively. The average splat 
size was -64.28 ± 8.12 pm. The typical range of splat size was -45-85 pm. 
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FIGURE 4.10 

Polished plan section of the MIPS-HAp coating: (a) optical microscopy image, (b) SEM image, 
and FESEM images (c) at low magnification, showing the clear evidence of pores, microcracks, 
and other characteristic defects; (d) at higher magnification, showing pores and individual 
details of splats; and (e) at still higher magnification, showing details of microcracks and other 
defects. (Modified/reprinted from Dey et al.. Journal of Thermal Spray Technology, 18: 578-592, 
2009. With permission from Springer.) 
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Avg. Size of Splats (pm) 
(a) 




Aspect Ratio 
(b) 



FIGURE 4.11 

Number of splats as a function of (a) average size of splats and (b) aspect ratio. (Reprinted 
from Dey et al.. Journal of Thermal Spray Technology, 18: 578-592, 2009. With permission 
from Springer.) 



Similarly, the average aspect ratio of the splats was -1.27 ± 0.15, and the typi- 
cal range of aspect ratio was -1-1.8. Thus, the shapes of the splats were mostly 
close to the shape of a small ellipsoid, as expected. The slight elongation 
along the major axis occurred because most of the splats finally assume a 
pancake shape [5]. 



4.5.4 Analysis of Splat Formation 

It is indeed quite clear that the utilization of a low plasma power, together 
with the use of a quite coarse powder ( d 50 - 67 pm), resulted in the formation 
of a very large amount of unmelted material (Figure 4.5h). As already opined 
by Heimann [35], such unmelted material could well have had contributed 
to the high crystallinity of the coating because most of the molten material 
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forms amorphous phases or TCP and TTCP when impact quenched. The 
same factor had possibly also contributed to the high porosity of the coating 
because as the partially unmelted particles do not flatten completely, they 
leave many voids in between them. Moreover, they cause a geometrical hin- 
drance to the spreading of the other fully molten droplets, thereby leading to 
genesis of more open internal void spaces, and hence contributing further 
to the porosity aspect of the coating. 

These facts suggested that the MIPS-HAp coatings were built up through 
freezing and flattening of granule. The freezing time of the HAp granules 
would be of the order of 0.2 to 1 ps. During this time about 50 to 100 gran- 
ules may impinge upon a unit area, e.g., per m 2 of the substrate. As a result, the 
freezing of each individual HAp granule was most likely to be a completely 
isolated phenomenon. This implied that such freezing of a given molten gran- 
ule would happen independent of the presence of other HAp granules. Thus, 
each granule would be frozen before the next HAp granule arrived. This is 
how possibly the lamellar structure of the MIPS-HAp coating had formed. 
The formation process of the coating may involve the following three steps: 

1. The molten HAp granules impinge onto the SS316L substrate to form 
the splats. 

2. These splats would spread parallel to the plane of the substrate as 
they form the individual lamellae. 

3. These lamellae, stacked alongside each other and one on top of the 
other, form the microstructure of the MIPS-HAp coating of the pres- 
ent work. 

The structures of individual lamellae would vary from each other because 
the wetting and flow properties would vary from one splat to another. This 
has to be a stochastically happening statistical event. Thus, the size of indi- 
vidual lamellae would also vary from each other because in reality, the HAp 
granule's temperature distribution would not be uniform throughout the vol- 
ume, and a differential cooling rate was expected to prevail. Even the cooling 
rate would be affected by the extent of contact of the flattening HAp granule 
with the SS316L substrate, because the surface on which the HAp granules had 
flattened was very rough, with localized sharp asperities obtained by grit 
blasting. Further, once the first layer of HAp granules cover up the substrate, 
the second and subsequent layers of HAp granules would experience a com- 
pletely different heat transfer scenario, because their access to the SS316L 
substrate would be rather limited. Therefore, the individual lamellae would 
have incongruent shape and structure. In other words, there would be gaps 
between the splats and the lamellae in the plane parallel to that of the sub- 
strate along the X-Y directions, and also along the thickness of the coating. 
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as the MIPS-HAp coating would grow along the Z direction. This process 
would lead to the formation of a highly heterogeneous microstructure, as 
was indeed experimentally observed in the present MIPS-HAp coating. 

The high porosity in the coating was formed because there could be less 
complete melting of the HAp granules due to lower inherent power input of 
the present MIPS process. Even if there were complete melting, due to lower 
power input, the temperature generated in the plasma would be much lower 
than that in a MAPS process, and as a result, the molten droplets could have 
had a much higher viscosity and a corresponding decrease in the flow prop- 
erties. This would lead to a decrease in the flattening ratio of the spreading 
splats. The splat size was -50-70 pm, i.e., very similar to the average size 
of the original powder, although the flattening of a molten droplet should 
result in a splat diameter that is (at least) three to four times larger than the 
original droplet diameter. Two explanations are possible: on the one hand, a 
very low splat flattening degree is caused by the retention of a large portion 
of unmelted material within most of the sprayed particles; on the other hand, 
it is likely that most of the largest particles are almost completely unmelted 
and rebound without deposition, because of the very low plasma power, so 
that most of the coating is originated by the finer fraction of the powder. 
However, this would also imply very low deposition efficiency. 

Further, since the plasma spot size was small, e.g., about 3-5 mm, and 
the sinter granule size was much larger at about 67 pm, the number of such 
splats being formed per unit time per unit area would not be as high as in 
the case of a MAPS process. Thus, the area coverage of the coating would 
leave behind a lot of isolated islands, as it would grow across the thickness. 
Given the fact that there would be more incongruence than congruence in 
the shape and size of the individual lamellae, which are the basic building 
blocks of the coating, it was expected that there would be a high volume per- 
cent of open porosity available in such MIPS-HAp coatings. Such a picture 
rationalized the experimental observation of about 20 vol% open porosity in 
the coating. 



4.5.5 Why Are Micropores Formed? 

The data indicate that the macropore size and micropore size of the coating 
were -10-50 pm and -1 pm, respectively. It is possible that the micropores 
in the coating were formed during the MIPS process due, to some extent, to 
a solidification contraction process and a splat filling mechanism. It should 
also be borne in mind that the starting HAp granules had interparticle pores 
of the order of a micron, and as a result of this, it may be alternatively argued 
that the micropores of the size of a micron or so were already existing as 
isolated pores within the starting HAp granules [31]. 
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4.5.6 How Are Macropores Formed? 

There are two conceivable ways in which the macropores could have been 
formed. One such means is the simple geometric gap that remains unfilled 
due to a local, yet large amount of incongruence in the shape and size of the 
individual lamellae that, during the MIPS process, were forced to sit side 
by side and also on top of one another. The other possibility could be that 
there were unmelted granule cores that were pulled out during the grind- 
ing and polishing processes. According to the theory of the dynamics of gas 
bubbles within a given liquid, small gas bubbles are expected to coalesce to 
form a large bubble within a droplet. Accordingly, researchers have opined 
that in-flight clustering of the micropores might also provide an additional 
mechanism for the formation of macropores [31]. But even given the possibil- 
ity of this scenario being true, it still remains very interesting indeed to note 
that even the largest macropore size (~50 pm) was less than that of the HAp 
granule size (~67 pm). 



4.5.7 Coating Cross Section 

How good or how bad is the cross section of the MIPS-HAp coating? To 
answer this question, at least 10 SEM or FESEM images (Figure 4.12a-f) were 
taken at each of the five randomly picked up locations of the coating. Then 
the characteristic features, e.g., micropore size, macrpore size, and micro- 
crack length, were analyzed by image analysis of these photomicrographs. 
Thus, each datum that will be reported here as a typical, illustrative example 
of a characteristic feature was actually based on an average of measurements 
of the corresponding feature from at least 10 SEM or FESEM images taken 
at each of the five randomly picked up locations, as mentioned above. The 
coating had a nearly uniform thickness of about -210 ± 6.3 pm (Figure 4.12a). 
It had a highly heterogeneous, porous microstructure (Figure 4.12b-f). Akin 
to what has been observed as well by many other researchers [31, 33, 36], 
the coating was almost infested with varieties of macro- and microcracks, 
including both inter- and intrasplat cracks (Figure 4.12b-f). It comprised 
ellipsoidal, well-flattened splats (Figure 4.12b) wherein the intermicropore 
distance could vary over a range as small as about 1 pm (e.g., AB) to as large 
as about 20 pm (e.g., CD) (Figure 4.12c). A typical micropore was about 5 pm 
in diameter (Figure 4.12d), while the size range of microcracks could span 
a range as wide as 1.5 to 5.5 pm. Further, the presence of the micropore 
(Figure 4.12d) was typically associated with the presence of other charac- 
teristic features, e.g., microcracks or intersplat boundary of 1-5 pm sizes. 
Nonetheless, the coating had a nearly continuous interface with the sub- 
strate (Figure 4.12e) with characteristic planar defects, e.g., pores and cracks 
present in the cross section (Figure 4.12f), by an amount that was much 
smaller than the amount of their presence on the plan section. Moreover, 
based on the data obtained from image analysis, the average volume percent 
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FIGURE 4.12 

SEM photomicrographs of the cross section of a polished MIPS-HAp coating: (a) low- 
magnification view of the coating along with substrate, (b) high-magnification view of 
well-flattened single splat, (c) typical distribution of microcracks and micropores at high 
magnification, (d) details of a typical micropore at a higher magnification, (e) details of an 
interfacial zone, and (f) high-resolution FESEM photomicrograph of the cross section of the 
MIPS-HAp coating. 



open porosity was calculated as -11% with a range as wide as 4.7-15.6%. 
Thus, the average volume percent open porosity across the cross section 
was evidently about half of that measured for the plan section. In addition, 
the equivalent average spherical diameter of micropores was in a range of 
0.9-4.4 pm (Figure 4.13a). Similarly, the average microcrack size was in a range 
of 2. 2-6.6 pm (Figure 4.13b). Further, per unit area, e.g., pm 2 , the number of 
micropores (e.g., -2 x 10~ 3 ) was similar to that (e.g., -3 x 10 3 ) of microcracks. 
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FIGURE 4.13 

Distribution of the (a) equivalent diameter of micropores and (d) length of microcracks as a 
function of the number of observations in the MIPS-HAp coating. 



On the other hand, the equivalent average spherical diameter of macropores 
was in a range as wide as, e.g., 10-75 pm. 



4.6 Porosity Dependencies of Young's Modulus and Hardness 

Plasma sprayed coatings, e.g., MAPS- or MIPS-HAp coatings, will always 
have pores. So, the solid load-bearing area will be relatively much less than 
its bulk counterparts. The question that automatically comes in front is: How 
will the porosity, i.e., volume fraction open porosity (p), affect the Young's 
modulus or hardness of such coatings? Based on measurement of Young's 
modulus by the resonant ultrasound spectroscopy technique [37] for sin- 
tered HAp ceramics with (0.05 < p < 0.51), it has been found that the conven- 
tional exponential relationship [38] is as efficient as the well-known linear 
equation of porosity dependence of Young's modulus ( E ): 

E = E 0 exp (-bp) (4.2) 

Further, the rate of decrease in Young's modulus with increasing porosity 
(d£/dp) was dominated by only the total volume fraction porosity and was 
insensitive to whether the pore size distribution was unimodal or bimodal 
[37], Based on data from our own research and literature data [12, 18, 39-54] 
for HAp (excluding those from [37]), our effort of using Equation (4.2) to 
extend the porosity range further (e.g., 0 < p < 0.54) gave (Figure 4.14a) 



E = 117.4 exp (-3.9 p) GPa 



(4.3) 
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(a) 




FIGURE 4.14 

The porosity dependence of mechanical properties: (a) Young's modulus (data taken from ref- 
erences 12, 18, 39-54) and (b) hardness (data taken from references 12, 39-45, 47, 55-65). The 
data from the literature as well as the present work as a function of volume fraction open 
porosity are included. The solid lines in Figure 4.14a and b, respectively, represent the depen- 
dence of Young's modulus and hardness on volume fraction porosity according to Equations 
(4.3) and (4.5). 

Here, the correlation coefficient (i.e., r 2 ) was 0.7. The goodness of fit is not 
too bad, and in fact could be claimed as reasonably good given the heteroge- 
neity itself present in the sources of this large variety of data [12, 18, 39-54], 
Thus, from Equation (4.3), E 0 = 117 GPa and b = 3.9, which compared favor- 
ably with E 0 = 125 GPa and b = 3.4 reported in the literature [37], It is needless 
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to mention that Young's moduli of a material with zero porosity and p are 
£ 0 and E, respectively. Although, classically speaking, £„ is nothing but the 
Voigt-Reuss-Hill average of the single crystal elastic constants [48] for a poly- 
crystalline material with randomly oriented grains like the present HAp 
ceramics being considered [12, 18, 39-54]; it provides actually an "aggregate" 
value that is an appropriate estimate of the effective Young's modulus of the 
material. The success of Equation (4.3) also raises another question: Will the 
nanohardness ( H ) of sintered polycrystalline HAp ceramics depend on p? It 
is indeed very fascinating to note that the answer is yes, and the nature of 
dependency [55] is similar to that of Equation (4.3), i.e.. 



These data were obtained from 42 sintered monophase hydroxyapa- 
tite specimens having average grain sizes between 1.7 and 7.4 pm [55]. An 
attempt to fit the nanohardness data measured for the MIPS-HAp coatings 
in the present work and a rather huge amount of literature data [12, 39-45, 47, 
55-65], excluding those from [55], yielded (Figure 4.14b) 



The correlation coefficient (i.e., r 2 ) improved from 0.7 to 0.83 in this case. 
Further, from Equation (4.5), H 0 = 5.92 GPa and b = 5.9, which compared 
favorably with H Q - 6 GPa and b = 6 reported by other researchers [55]. In 
addition, based on the Equations (4.3) and (4.5) the brittleness index ( E 0 /H 0 ) 
was ~20, which matched very closely with the value of ( E 0 /H 0 ) ~ 21 that can 
be obtained from relevant data reported in the literature [37, 55]. In addition, 
the value of ~20 predicted for the brittleness index ( E 0 /H 0 ) was also close to 
the experimentally measured data of ~16 that was obtained from experimen- 
tally measured values of Young's modulus (98.2 GPa) and hardness (6.1 GPa). 
These close matches provided more evidence of efficacy for Equations (4.3) 
and (4.5) obtained in the present work. 



4.7 Qualitative Model for Explanation of Anisotropy 

The FESEM photomicrographs for polished plan and cross sections are 
shown in Figure 4.15. The photomicrograph for a plan section is shown 
in Figure 4.15a. The photomicrograph for a cross section is shown in 
Figure 4.15b. The densities of pores, cracks, and defects were much more on 
the plan section (Figure 4.15a) than on the cross section (Figure 4.15b). Thus, 
the difference in microstructure between plan and cross sections of a given 
plasma sprayed coating appeared to be characteristic, and hence deserve 



H = 6 exp (-6.03p) GPa [0.02 < p < 0.31] 



(4.4) 



H = 5.92 exp (-5.9 p) GPa [0.01 < p < 0.52] 



(4.5) 
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FIGURE 4.15 

Proposed logic of surface morphology: FESEM image of the MIPS-HAp coating: (a) plan sec- 
tion along with a schematic of the deposited microstructure and (b) cross section along with a 
schematic of the deposited microstructure. 



a discussion. To take up this issue, we present a schematic of the relevant 
microstructures in the bottom half of Figure 4.15. 

Based on the above evidence, we suggest, as schematically depicted in 
Figure 4.15a (lower part) for the plan section and in Figure 4.15b (lower part) 
for the cross section, that the presence of such pores and cracks would cer- 
tainly reduce the total solid load-bearing contact area [66, 67]. The more the 
reduction, the more was the likelihood of reduction in nanohardness. As a 
result, nanohardness and Young's modulus would be lower on the plan sec- 
tion than on the cross section. That is why, at a given load of nanoindentation, 
the measured value of Young's modulus, as well as hardness, was almost 
always higher for the cross section and lower for the plan section, and this 
phenomenon, linked to the relative extent of reduction in solid load-bearing 
contact area, gave rise to the anisotropy in Young's modulus and hardness in 
the MIPS-HAp coatings of the present work. In addition, it should be borne 
in mind that differences in the overall average volume fraction open porosity 
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in plan and cross sections of the coating will also have a direct bearing on 
the measured nanohardness or Young's modulus data. 



4.8 Origin of Modeling on Pore Shape 

Several researchers [68-73] had opined that Young's modulus of thermal 
spray deposits was influenced not only by the volume percent open poros- 
ity, but also by the pore morphology. The shape of pore or void could be 
spherical, elliptical, or a superimposition of spheroidal and ellipsoidal pores 
or voids altering the aspect ratio. Experimental evidence obtained during the 
course of the present work had also suggested that the pores could be spheri- 
cal, elliptical, or penny or thin crack shaped in nature [18]. Therefore, tak- 
ing this aspect of the microstructure into account, the Young's moduli along 
the plan section (E n ) and across the cross section (E 22 ) of the coating had been 
predicted by the spherical pore model, elliptical pore model, penny-shaped 
pore model, and thin crack-shaped pore model. 

4.8.1 Modeling of Elastic Constants 

Among several mechanical properties, elastic properties such as Young's 
modulus, shear modulus, bulk modulus, and Poisson's ratio play a pivotal 
role because a wide range of mechanical properties are related to them. 
However, Young's moduli of thermal spray deposits are known to be much 
lower than those of the bulk materials due to their characteristically heteroge- 
neous microstructure. The Young's moduli of MIPS-HAp coating was micro- 
structure dependent, which will be discussed in Chapter 7. More specifically, 
it depends on the void aspect ratio, volume fraction of void, volume fraction 
of interlamellar void, volume fraction of interlamellar crack, crack density 
parameter, etc. Further, the plasma spray deposits exhibit highly anisotro- 
pic behavior that originates from the lamellar microstructure. Experimental 
evidence of such anisotropic behavior was already discussed in Section 4.7. 
Therefore, it was necessary to consider the measurement directions when 
determining the Young's modulus of thermally sprayed deposits. 

However, elastic constants of solid materials are fundamental and impor- 
tant material properties. Elastic constants include Young's modulus, shear 
modulus, bulk modulus, and Poisson's ratio, which all are directly related 
to interatomic bonding. Effective elastic constants are of particular interest 
when dealing with porous (or cracked) materials and composites, since 
these microstructural factors are incorporated into the experimentally esti- 
mated elastic constants. Thermally sprayed deposits are considered trans- 
versely isotropic with respect to the spray direction. The five independent 



Structural and Chemical Properties of Hydroxyapatite Coating 



81 



components of the stiffness tensor are required to describe the transversely 
isotropic case [68-70]. 



4.8.2 Physical Background of Modeling 

In reality, elastic constants of the coating depend on its microstructural fac- 
tors, such as void or pore shape, void aspect ratio, crack density parameter, 
etc. The presence of typical spherical and elliptical pores with the corre- 
sponding schematics is shown in Figures 4.16a, b and 4.17a, b, respectively. 
Those voids could be aligned in a unidirectional or two-dimensional fashion 
in a random manner. Thus, a unidirectionally aligned and two-dimensional 
randomly oriented void model had been utilized by other researchers to ana- 
lyze the elastic behavior of porous coatings [68-70]. Similarly, the presence 
of typical penny-shaped and thin crack-shaped pores with the correspond- 
ing schematics are shown in Figures 4.18a, b and 4.19a, b, respectively. Thus, 
penny-shaped and thin crack-shaped void models had also been utilized by 
other researchers [68-70] to describe the elastic behavior of porous coatings. 





FIGURE 4.16 

Presence of typically spherical pore in the MIPS-HAp coating: (a) SEM image (dotted line in 
SEM image indicates the spherical pores) and (b) schematic of an array of spherical pores. 
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FIGURE 4.17 

Presence of typically elliptical pore in the MIPS-HAp coating: (a) SEM image (dotted line in 
SEM image indicates the elliptical pores) and (b) schematic of elliptical pores. 
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FIGURE 4.18 

Presence of typically penny-shaped pores of random orientation in the MIPS-HAp coating: 
(a) SEM image (dotted line in SEM image indicates the penny-shaped pores) and (b) schematic 
of penny-shaped pores. 




FIGURE 4.19 

Presence of typically thin crack-shaped pores of random orientation in the MIPS-HAp coating: 
(a) SEM image (arrow in SEM image indicates the crack-shaped pores) and (b) schematic of 
crack-shaped pores. 

Finally, the five independent elastic constants, e.g., E n , E 22 , p 12 , p 23 , and u, 
had been modeled following [68-70]. However, we will concentrate here only 
on elastic modulus data. The models utilized in the present work [18] for 
MIPS-HAp are: 

1. Unidirectionally aligned void model 

2. Two-dimensional randomly oriented void model for elliptical and 
spherical shape of voids 

3. Superimposition of both elliptical and spherical voids modeled by 
penny-shaped void model and thin crack-shaped model 

In fact, the voids or pores in the MIPS-HAp coating were neither obviously 
spherical nor elliptical. Rather, the ultimate microstructure of the MIPS- 
HAp coating always contained a superposition of both elliptical and spheri- 
cal voids. 
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4.8.3 Experimental Validation of the Void Models: 

Superimposition of Spherical and Elliptical Voids 

The data presented in Figure 4.20a show the values of E n as a function of 
the void volume fraction from 0 to 1 for parametric variation of the aspect 
ratio values from a = 0.01 to a = 1. It is clearly evident that, for a given void 
volume fraction, the value of E u decreased with a decrease in the aspect 
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FIGURE 4.20 (See color insert.) 

(a) Predicated variation of E u as a function of the volume fraction of void, (b) Schematic of 
variations in pore shapes: void aspect ratio from 0.01 to 1. 
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ratio. Figure 4.20b presents the corresponding schematic of variations in 
pore shapes, which depicts the transition from circular (e.g., the case of a 
spheroidal void in 3D with a = 1) to thin crack-like (e.g., the case of a slit void 
with a = 0.01) voids. The normalized value of E 22 was not dependent on a, and 
hence it was expected that the normalized value of E 22 would not vary with 
variations in the values of a. Further, it was illustrated [18] that values of E u , 
E 22 and the anisotropy factor, i.e., the ratio between E 22 and E n ((E 22 /E n ) pred - 
1.4), predicted with the penny-shaped pore model matched the best among 
all models with the experimentally measured data {(E n /E 22 ) exp - 1.3), which 
means the ratio of the modulus data measured in the cross section and plan 
sections of the present MIPS-HAp coating [18]. Having seen that the coating 
had adequate nanohardness. Young's modulus, and that the penny-shaped 
void model would suffice to describe the anisotropy of Young's modulus of 
the coating, it was felt necessary to investigate what is the intrinsic resis- 
tance, i.e., the fracture toughness of the coating, that would be available to act 
against catastrophic crack propagation at the scale of the local microstructure. 



4.9 Summary 

In this chapter, we have discussed the porosity, crystallinity, stoichiometry, 
etc., of HAp coatings. Although both MAPS- and MIPS-HAp coatings have 
been discussed on a comparative scale, relatively more detailed discussion 
has been devoted to the latter type of coatings, rather than to the former. The 
MIPS-HAp coating was nearly phase pure with 80-92% crystallinity and 
a relatively higher porosity of -20% in the plan and -11% across the cross 
sections. These values of crystallinity and porosity of the MIPS coatings 
were much higher than those usually reported for the conventional MAPS- 
HAp coatings. Post-heat treatment improved the degree of crystallization in 
the coating. The FTIR data indicated that a process of dehydroxylation and 
rehydroxylation might have occurred in the as-sprayed and post-heat-treated 
coatings, respectively. SEM and FESEM studies of the coating microstruc- 
ture revealed the characteristic presence of macro- and microcracks, inter- 
and intrasplat cracks, macro- and micropores, and unmelted HAp particles. 
The image analysis technique provided information on various impor- 
tant microstructural parameters, e.g., average splat size, splat aspect ratio, 
and micropore and microcrack sizes. The coating had a highly heteroge- 
neous microstructure with a splat size of about 50-70 pm, macropore size 
of about 10-50 pm, and micropore size of about 1 pm. The thickness of the 
MIPS-HAp coating was measured as -210 pm. As revealed by FESEM pho- 
tomicrographs and volume percent porosity data obtained from image anal- 
ysis of the heterogeneous microstructure, this anisotropy in the data was 
linked to the larger volume percent porosity, as well as higher spatial density 
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of planar defects, pores, and cracks in the plan section over those in the cross 
section. In this connection, a qualitative model was schematically developed 
to pictorially depict the genesis of anisotropy in nanohardness of the present 
MIPS-HAp coating. Finally, the best fit for the porosity dependence of com- 
bined hardness data from literature and the present work was given by an 
empirical generic equation of the form X = X 0 exp (-bp), where X stands for 
nanohardness (H) or Young's modulus (£), as the case may be. The exponen- 
tial dependencies of E and H on porosity estimated E 0 as 117.4 GPa and H 0 as 
5.92 GPa, which were comparable to literature data, where the suffix 0 stands 
for theoretically dense, e.g., zero-porosity material. Thus, the volume frac- 
tion open porosity also played an important role in anisotropy of nanohard- 
ness in the present MIPS-HAp coating. Young's modulus of thermal spray 
deposits is influenced not only by the volume percent of open porosity, but 
also by the pore morphology. The shape of pore or void could be spherical, 
elliptical, or a superimposition of spherical and elliptical pores/ voids alter- 
ing the aspect ratio. Experimental evidence gathered for the present MIPS- 
HAp coating also suggested that the pores could be spherical, elliptical, or 
penny or thin crack shaped in nature. Therefore, taking this aspect of the 
microstructure into account, the Young's moduli along the plan section (E r ,) 
and cross section (E 22 ) of the coating had been predicted by the spherical 
pore model, elliptical pore model, penny-shaped pore model, and the thin 
crack-shaped pore model. Finally, it was illustrated that values of E u , E 22 
and the anisotropy factor, i.e., the ratio between E 22 and E u , predicted with 
the penny-shaped pore model matched the best among all models with the 
experimentally measured data of the present MIPS-HAp coatings. 

In vitro studies of HAp coatings, e.g., in particular the investigations of 
HAp coatings in accelerated simulated body fluid (SBF) medium, will be 
discussed in Chapter 5. The experimental evaluations of the phase analysis, 
spectroscopic observation and microstructural evolution of HAp coatings in 
general and MIPS-HAp coatings in particular, will be studied both before 
and after SBF immersion. The context of dissolution of Ca and P shall be 
elaborated. The possibility of leaching out for metal ions from the biomedi- 
cal implants immersed in SBF shall also be critically examined in Chapter 5. 
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5.1 Introduction 

This chapter is about the in vitro response of hydroxyapatite (HAp) coatings, 
in particular in a simulated body fluid (SBF) environment. Before any in vivo 
trial, the efficacy of the bioactive coating should be verified in an acceler- 
ated environment. 

In vitro tests can be performed in a cultured cell medium or a salt- 
containing solution. The first type of test assesses biocompatibility by 
observing the behavior of cells in the presence of the material. The types of 
response that indicate toxicity are cell death, reduced cell adhesion, altered 
cell morphology, reduced cell proliferation, and reduced biosynthetic activ- 
ity [1]. Salt solutions that attempt to duplicate body conditions are used to 
observe the behavior of biomaterials after certain immersion periods. The 
second type of test is solely used to study material changes. Biological 
implants require a surface that is compatible with the body environment. 
Plasma spraying is a well-known technique that has been chosen to produce 
coatings varying from about 50 to 400 pm thickness for biological applica- 
tions [2]. The process is clean, and the high rates of deposition allow coatings 
to be produced fairly rapidly. Since thermal spraying is a direct line-of-sight 
process, isolated areas on an implant can be coated, or the entire surface of 
a complex geometry can be coated by rotating the object. Any substrate can 
be used, but for reasons of practicality, ceramics or metals are chosen. The 
process enables control over properties such as porosity, surface morphol- 
ogy, roughness, composition, and crystallinity, which in turn influence the 
chemical, physical, and mechanical properties. 

The concept of the SBF dissolution investigation dates back to ancient his- 
tory. Even in the old days, during a battle a bone fracture was commonplace 
for soldiers. It also happened to common men after an accident. If and when 
these fractures happened, both soldiers and common people used to wind 
up their broken place with a wooden stick or plate. When they would visit 
a doctor, he would almost obviously prescribe complete bed rest. The most 
interesting part of the story is that after some weeks, the fracture of the bone 
was found to have healed almost automatically, without any surgery or 
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any external medication. People initially used to believe this was a magical 
performance of the concerned physician. Now, the question that genuinely 
springs up in our mind is: What is the reason for "self-healing" or "magic"? 
Since we belong to a scientific era, we cannot accept magic as the answer. So, 
we need to know the scientific reason behind such self-healing capacity of 
the human body. Actually, what happened is this that the blood plasma pro- 
duced inorganic calcium phosphate apatite-based filler material. This filler 
material healed the fractured part of the bone. This science was clearer to the 
researchers when they were able to grow calcium phosphate by the biomi- 
metic process, as mentioned in Chapter 2. In a biomimetic process, the simu- 
lated body fluid is produced at a temperature of 37°C in the laboratory, and 
subsequently the substrate is immersed in it, maintaining the pH at 7.4. After 
a certain duration, the nanometric calcium phosphate (CaP) apatite forms 
by a heterogeneous nucleation process, as mentioned in Chapter 2, on the 
surface of the substrate. This background information will undoubtedly help 
us to understand why the in vitro SBF immersion study is important prior to 
an animal or human trial of the coating. 



5.2 Literature Status 

Indeed, the researchers have done a lot of work on SBF immersion studies in 
conventionally macroplasma sprayed (MAPS) and other CaP and hydroxy- 
apatite coatings developed by other techniques [2-16]. They have reported 
extensively on the structural changes as a function of post-heat treatment, 
coating thickness, type of substrates, duration of the immersion, etc. Further, 
mechanical properties like bonding strength of the coating, hardness. 
Young's modulus, etc., have been evaluated to understand the efficacy of the 
coating in an accelerated biological environment. However, SBF immersion 
studies with microplasma sprayed (MIPS) HAp coatings have rarely been 
attempted [17-20]. 

Zhao et al. [17] reported the in vitro investigation of MIPS-coated HAp 
coatings deposited on Ti-6A1-4V substrates. They had kept the coatings 
immersed up to 14 days in SBF to evaluate their bioactivity. It was found 
that a layer of carbonated-apatite covering almost the entire surface of the 
HAp coatings had indeed developed, and it did not exhibit significant spall- 
ing after incubation in SBF. In another study, Zhao et al. [18] conducted a 
Hanks' balanced salt solution (HBSS) immersion test to evaluate the bioac- 
tivity of the MIPS-coated HAp coatings developed on Ti-6A1-4V substrates. 
A double-layer coating was tried. The first bottom layer was thick and highly 
crystalline. The layer deposited on top of this was thin, porous, discontinu- 
ous, and less crystalline. Such a coating architecture provided the growth 
of a bone-like apatite layer on top of the HAp coatings on the top. This 
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bone-like apatite layer had formed rapidly during the early stage of immer- 
sion. It was suggested that long-term stability of such a double-layer coating 
was expected to be better due to the presence of the highly crystalline, thick 
HAp coating at the bottom. In contrast, the results recently published by the 
present authors, Dey and Mukhopadhyay [19], have demonstrated how the 
phase-pure and porous MIPS-HAp coatings on SS316L biomedical implant- 
grade substrates showed excellent response in a SBF environment in terms 
of nanomechanical properties, e.g., nanohardness and Young's modulus, as 
well as tribological properties. These results provided experimental proof in 
support of its biological efficacy prior to the in vivo trial. 



5.3 Synthesis of SBF in the Laboratory 

SBF was prepared in the present work according to Kokubo formulation [21], 
which is a buffered (pH of 7.4 at 25°C) solution with an ionic concentration 
close to that found in the human blood plasma (Table 5.1). Experiments were 
performed by immersing each HAp-coated sample in 30 ml of SBF solutions 
using 50 ml capacity polypropylene flasks, thermostatized (37 ± 0.5°C) and 
statically kept up to different time intervals at that temperature for 1, 4, 7, 
and 14 days. The SBF dissolution study on the HAp coating was conducted 
according to the ISO 10993-14 standard [22] by the inductively coupled 
plasma atomic emission spectroscopy (ICP-AES) method. 



TABLE 5.1 



Inorganic Composition of Human Blood 
Plasma (HBP) and the Simulated Body Fluid 
(SBF) Solution Utilized in the Present Work 



Ions 


Blood Plasma (ppm) 


SBF (ppm) 


Na + 


142.0 


142.6 


ci- 


103.0 


105.0 


hco 3 - 


27.0 


25.6 


K + 


5.0 


5.1 


Mg 2+ 


1.5 


1.5 


Ca 2+ 


2.5 


2.5 


hpo 4 2 - 


1.0 


1.0 


so 4 2 - 


0.5 


0.5 



Source: Reprinted from Dey and Mukhopadhyay, 
International Journal of Applied Ceramic 
Technology, 11: 65-82, 2013. With permission 
from American Ceramic Society and Wiley. 
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5.4 SBF Immersion of MAPS-HAp Coatings on SS316L 

If we look into the microstructures presented in Figure 5.1a, b, we can under- 
stand there are significant changes in the morphology of the MAPS process- 
coated HAp coatings on biomedical-grade SS316L substrates after the SBF 
immersion. The bigger cracks have been observed in the entire microstruc- 
ture, as has been also reported in literature [2] for HAp coatings deposited by 
the conventional MAPS process. However, the most important observation 
was not the presence of the cracks, which were expected to happen anyway, 
but the deposition of spherical globular CaP apatite (Figure 5.1a). Features of 
a size less than a micron could be amply noticed in the microstructure when 
viewed at a higher magnification (Figure 5.1b). The presence of the fine- 
needle-like apatite structure corroborated well with the energy-dispersive 
X-ray spectroscopy (EDX) data (Figure 5.2), which confirmed the presence 
of only the CaP compound in the biomimetically deposited layer that had 
formed during and following the SBF immersion. These experimental 
observations were similar to the observations reported by other researchers 
[2-16]. As mentioned earlier, in a very recent effort, Dey and his coworkers 
[19, 20] developed novel HAp coatings. These novel coatings were deposited 
on biomedical-grade SS316L substrates by the MIPS technique, rather than 
the conventional MAPS technique. The idea behind such an effort was to 
develop bioactive ceramic coatings for futuristic applications. Therefore, in 
this chapter we shall describe in detail the results of the SBF immersion stud- 
ies for these MIPS-HAp coatings deposited on the SS316L substrates. 




FIGURE 5.1 

Microstructures of MAPS-HAp coatings on SS316L after 14 days of immersion in SBF medium: 
(a) lower and (b) higher magnification shows the change of microstructure and formation of 
the apatite layer. 
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FIGURE 5.2 

The EDX spectra of MAPS-HAp coatings on SS316L after 14 days of immersion in SBF medium 
confirm the presence of CaP compounds. 



5.5 SBF Immersion of MIPS-HAp Coatings on SS316L 

The results presented in Table 5.2 show that due to formation of an apatite 
layer after the immersion in the SBF solution over a preselected period of 
time, e.g., 1, 4, 7, and 14 days, all the MIPS-HAp-coated samples had gained 
weight (Table 5.2). Now let us look at the experimental results obtained by 
the ICP-AES technique for the calcium (Ca 2+ ) and potassium (P 5+ ) ion concen- 
trations in the immersion solutions (Figure 5.3a) [19, 20]. The data presented 

TABLE 5.2 

Weight Enhancement, d Spacing, and Degree of Crystallinity after 
Immersion in SBF Solution 



No. of Days into SBF Immersion 



Type of coatings 


Deposited 


1 


4 


7 


14 


Properties 
























Weight enhancement (g) 


— 


0.0022 


0.0019 


0.0027 


0.0015 


d spacing (A) of (211) plane 


2.81046 


2.8086 


2.80447 


2.80659 


2.82032 


Degree of crystallinity (%) 


81.6 


71.4 


76.5 


75.3 


61.3 


Ca/P ratio 


1.67 


1.68 


1.59 


1.57 


1.82 
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a 
o 
U 




4 6 8 10 

Immersion Time (day) 

(a) 



12 14 




(b) 



FIGURE 5.3 (See color insert.) 

(a) Change of Ca and P concentration with time of immersion shows the dissolution followed 
by a deposition of CaP compounds. (C and f stand for concentration and immersion time, 
respectively.) (Reprinted from Dey and Mukhopadhyay, International Journal of Applied Ceramic 
Technology, 11: 65-82, 2013. With permission from American Ceramic Society and Wiley.) 

(b) Chromium and iron leaching show almost nil concentration even after 14 days of acceler- 
ated dissolution test in a SBF environment. 
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in Figure 5.3a show that for both calcium and phosphorous ions, only up to 
the first day following immersion in the SBF solution was the rate of dissolu- 
tion rapid. It was followed by a sluggish rate of dissolution up to the fourth 
day. The most interesting part of the observation is that beyond the 
fourth day, even up to 2 weeks of immersion time, the rate of change in the 
rate of dissolution with time continued to be ever decreasing. These experi- 
mental data confirmed three major physical processes that had happened in 
the SBF solution. The first was that the dissolution of the MIPS-HAp coat- 
ing had happened only up to the first day of immersion. The second, and 
probably the most important fact, is that from the second day onward, up to 
2 weeks of immersion time, the continuous apatite deposition process had 
happened on the surface of the MIPS-HAp coating. The third aspect is that 
the patterns of decay in calcium and phosphorous ions during the period 
of the 2nd to 14th days in SBF solution were exponential in nature. Similar 
exponential patterns were reported for calcium and phosphorus ions when 
a MAPS-HAp coating was immersed in a SBF solution [3]. It also needs to be 
checked out whether chromium and iron ions leach out because a possibility 
definitely exists that they may leach out from the biomedical SS316L-based 
implant in actual in vivo application. Interestingly, however, the data pre- 
sented in Figure 5.3b for the MIPS-HAp coatings confirmed that the amount 
of chromium and iron leaching was almost nil, even after 14 days of acceler- 
ated dissolution test in the SBF solution. 

Now, let us have a look at the X-ray diffraction (XRD) patterns of the MIPS- 
HAp coating before and after immersion in SBF solution [19, 20]. These data 
are shown in Figure 5.4a and 5.4b-e, respectively, for situations before and 
after the immersion in the SBF solution. The characteristic peaks correspond- 
ing to (211), (112), and (300) planes had happened at the corresponding char- 
acteristic Bragg's angles of 31.78°, 32.18°, and 32.93°. These data confirmed the 
purity of the HAp phase. Before immersion in SBF, two additional, yet very 
minor, peaks of crystalline alpha-tricalcium phosphate (a-TCP) and tetra- 
calcium phosphate (TTCP) were identified. These peaks disappeared after 
SBF immersion. Similar observation was also reported by other researchers 
[3] for the dense MAPS-HAp coatings. These impurity phases or non-HAp 
phases, e.g., TCP and TTCP, are much more soluble than the pure HAp, and 
these are further dissolved in SBF solution [2, 3]. In the case of conventional 
MAPS-HAp coatings, the amount of impurity phases like TCP, TTCP, and 
calcium oxide (CaO) are much more than those usually obtained for the 
MIPS-HAp coatings. However, we have also seen that even for MIPS-HAp 
coatings, the peaks corresponding to the extraneous phases, as mentioned 
above, are removed after post-annealing [19, 20]. It is most interesting to note 
that as the duration of immersion in the SBF solution increased, so did the 
prominence of the peak corresponding to the characteristic Bragg angle of 
25.80, which corresponds to the presence of a classical carbonated apatite or 
octacalcium phosphate (OCP) phase. These data confirmed the deposition 
of the apatite layer. Similar observations have been reported by many other 
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FIGURE 5.4 

XRD pattern of the HAp coating on SS316L substrate immersed in SBF solution after (a) 0, 
(b) 1, (c) 4, (d) 7, and (e) 14 days showed the formation of carbonated apatite or OCP layer after 
immersion in SBF. 

researchers as well [2-4]. It needs to be further emphasized here that the 
crystallographic structures of carbonated apatite, OCP, and HAp are almost 
similar [3-5]. Before the immersion, crystallinity of the MIPS-HAp coatings 
deposited on the SS316L substrates was -81%. The data on change in crys- 
tallinity are presented in Table 5.2 as a function of immersion time in the 
SBF solution. The same table also presents the data on d spacing. For ease of 
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comparison, the d values corresponding to the (211) plane were considered, 
as they characteristically correspond to the maximum (e.g., 100%) intensity. 
The data presented in Table 5.2 show that the crystallinity of the MIPS-HAp 
coating had decreased slightly from 71% on day 1 to 61% on day 14 as the 
time of immersion in the SBF solution was enhanced. The data on changes in 
the d values (Table 5.2) corroborated these data on a decrease in crystallinity 
with enhancement in immersion time, as mentioned above. 

Further, the Fourier transform infrared spectroscopy (FTIR) spectra of 
the coating before and after immersion in the SBF solution are shown in 
Figure 5.5a-c [19, 20]. The spectra were comparable with those reported 
by other researchers [7, 8, 23, 24]. The data presented in Figure 5.5b, c are 




Wavenumber (cm ') 

(a) 





Wavenumber (cm *) 



(b) 



Wavenumber (cm ') 



(c) 



FIGURE 5.5 (See color insert.) 

(a) FTIR spectra of the MIPS-HAp coating before and after SBF immersion. Enlarged view 
showing the location of (b) OH and (b) C0 3 and P0 4 characteristic peaks. (Reprinted from Dey 
and Mukhopadhyay, International Journal of Applied Ceramic Technology, 11: 65-82, 2013. With 
permission from American Ceramic Society and Wiley.) 
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an enlarged view of the data presented in Figure 5.5a. These enlarged 
views show the characteristic surface active groups, e.g., OFF (at 3571 cm 4 , 
Figure 5.5b) and P0 4 3- (at 1092, 1045, and 962 cm 1 for stretching vibration, and 
602 and 569 cm 4 for bending vibration. Figure 5.5c), and complete absence 
of the characteristic peak of C0 3 2 ' for the MIPS-FIAp coatings prior to the 
immersion in the SBF solution. Following immersion in the SBF solution, 
however, the peak corresponding to the C0 3 2 group was noted to exist at 
1405-1410 cm 4 , as would be expected from the characteristic criterion for the 
carbonate group. Similar observations were reported by other researchers 
[7, 8, 23, 24] from FTIR spectra of FIAp coatings exposed to immersion in the 
SBF solutions. The same spectral data, however, also confirmed the presence 
of the additional characteristic peaks corresponding to the OFF group at 
3571-3573 cm 4 , for stretching vibrations of the P0 4 3- group at 1093-1096 cm 1 
and 1048-1050 cm 4 , and for bending vibrations of the P0 4 3- group at 962, 603, 
and 569-570 cm 4 . 

Environmental scanning electron microscopy (E-SEM) photomicrographs 
of the MIPS-FIAp coatings after SBF immersion are shown in Figure 5.6a-c. 
The main advantages of the E-SEM mode are: 

1. It does not require a conducting coating on the sample. 

2. There was no charging effect. 

3. As there is no coating on the surface of the sample, it reduces the 
probability of artifacts. 

Initially, the coatings appeared with well-defined splats, pores, and cracks. 
These features are quite common for the thermally sprayed coatings. The 
surface cracks were comparatively less pronounced after the first day of 
immersion in SBF solution. After 4 days of immersion in the SBF solution. 




FIGURE 5.6 

E-SEM of the MIPS-HAp coatings after immersion in SBF at (a) 1 day, (b) 4 days, and (c) 14 days. 
Below: Corresponding schematic representation of the changes of the microstructure after 
immersion of the MIPS-HAp coatings into SBF. 
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deposition of white microspheres on the surface of the MIPS-HAp coating 
immersed in SBF solution was also observed. The surface cracks were bigger 
after 4 days of immersion in the SBF solution. On the other hand, the amount 
of white microspheres, as well as voids, was increasing as the number of 
days of immersion increased from the 4th to the 14th day. Similar observa- 
tion of the disappearance of cracks was also reported by other workers [2]. 
It was found to have occurred after long duration of immersion in the SBF 
solution. It was suggested that the CaP compound had deposited as white 
microspheres [2]. 

The conventional SEM images of the MIPS-HAp coatings after the first day 
of immersion in the SBF solution are shown in Figure 5.7a, b. To understand 
the evolution of microstructure in a SBF environment, the MIPS-HAp-coated 
sample was placed perpendicularly in the SBF solution. Thus, the photo- 
micrograph presented in Figure 5.7a depicts two microstructural regions: 
one for the MIPS-HAp coating part not exposed to the SBF solution, and the 
other for the part exposed to the SBF solution. As shown by the photomicro- 
graph taken at a higher magnification and presented in Figure 5.7b, a signifi- 
cant change of the MIPS-HAp coating morphology happened after 1 day of 
immersion in SBF. The left side of the SEM photomicrograph (Figure 5.7b) 
showed the formation of fine-needle-like structures, as has been also 
observed for dense MAPS-HAp coatings [3] exposed to SBF solution, while 
the right side was almost unaffected. The microstructure revealed on the left 
side of Figure 5.7b represents the deposition of the carbonated apatite layer. 
Thus, these SEM photomicrographs corroborate the evidence of carbonated 
apatite formation, which was also confirmed from the FTIR spectra and 
XRD data, as mentioned earlier. It has been opined [9, 10] that the calcium 
and phosphate ions from the supersaturated SBF solution are consumed for 
spontaneous growth of crystalline apatite once it has nucleated and formed. 

The EDX spectrum data of the MIPS-HAp coatings after the first day of 
immersion in the SBF solution are shown in Figure 5.8. The data showed 
peaks corresponding to the presence of the Ca and P phases. The Ca/P ratio 
was around 1.68. This Ca/P ratio was almost close to what would be a stoi- 
chiometric Ca/P ratio of 1.667. In the case of denser HAp coatings, other 
researchers [340, 341] have reported that a nonstoichiometric Ca/P ratio of 
1.4 to 1.8 could also happen due to the formation of carbonated apatite and 
other Ca-P compounds. Interestingly, the minute presence of Mg, Na, and 
Cl [3, 4, 9, 13, 25] in the compositional characteristics reflects compositional 
characteristics that are the same as those reported [9, 26] for bone mineral. 
Further, the conventional SEM photomicrograph of the MIPS-HAp coatings 
after 4 days of immersion in the SBF solution is shown in Figure 5.9a, b. This 
photomicrograph shows a complete conversion of microstructure. Some 
distinct dissolution sites were also observed in the precipitated needle-like 
structure shown in the SEM photomicrograph obtained at a higher magni- 
fication (Figure 5.9b). The deposition of the apatite layer and its dissolution 
took place simultaneously, as expected [3, 16]. This aforesaid phenomenon 



102 



Microplasma Sprayed Hydroxyapatite Coatings 





FIGURE 5.7 

(a) Conventional SEM photomicrographs of the MIPS-HAp coatings after 1 day of immersion 
in the SBF solution showing a distinct region, e.g., modified region (left side), and an as-sprayed 
unchanged region, (b) Higher-magnification view of the modified microstructure showing the 
needle-like nanostructured apatite layer formation. 

(i.e., simultaneous deposition and dissolution) also corroborated the data 
presented in Figure 5.3a, which showed the evidence of both deposition 
and dissolution. 

After 14 days of immersion in the SBF solution, deposition was observed 
over the entire surface of the MIPS-HAp coating (Figure 5.10a), although 
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FIGURE 5.8 

The EDX spectra of the MIPS-HAp coatings after 1 day of immersion in the SBF solution. 
(Reprinted from Dey and Mukhopadhyay, International Journal of Applied Ceramic Technology, 
11: 65-82, 2013. With permission from American Ceramic Society and Wiley.) 



some submicron dissolution sites had also appeared (Figure 5.10b). The 
microcracks, which are characteristically produced during the plasma spray 
deposition process, are now covered by the deposited fine-nano-needle-like 
network structures. It may be recalled that exactly similar features had also 
been observed from the photomicrographs presented earlier in this chap- 
ter and obtained from the corresponding E-SEM studies. It is interesting to 
mention that for denser MAPS-HAp coatings, similar observations were 
reported by Gross and Berndt [2]. 

The data on the Ca/P ratio as a function of the number of days passed after 
immersion in the SBF solution are summarized in Table 5.2. If we have a look 
at the data, they tell us that the Ca/P ratio was almost stoichiometric after 
the first day of SBF immersion. Flowever, on the fourth and seventh days it 
was marginally lower, i.e., Ca/P ~ 1.59 and 1.57, respectively. It has already 
been mentioned that the formation of OCP or other Ca-P compounds might 
reduce the Ca/P ratio [4, 7]. Based on the present experimental data, it may 
also be suggested that small amounts of magnesium and sodium can substi- 
tute for calcium in the FIAp lattice [25]. If and when this happens, that would 
lower the Ca/P ratio, as was also noted in the present experimental data 
(Table 5.2). In contrast, after the 14th day of immersion, the Ca/P ratio had 
increased to 1.82. This observation can be rationalized in terms of the fact 
that when carbonate substitutes for phosphate, FIAp is transformed into car- 
bonated apatite (CFIAp). The enhancement in the Ca/P ratio matches with 
such a picture. 
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FIGURE 5.9 

(a) Conventional SEM photomicrograph of the MIPS-HAp coatings after 4 days of immersion 
in the SBF solution showing the entire conversion of the microstructure, (b) The higher mag- 
nification shows the detail. (Reprinted from Dey and Mukhopadhyay, International Journal of 
Applied Ceramic Technology, 11: 65-82, 2013. With permission from American Ceramic Society 
and Wiley.) 
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FIGURE 5.10 

Conventional SEM photomicrographs of the MIPS-HAp coatings after 14 days of immer- 
sion in the SBF solution showing (a) both deposition and dissolution sites and (b) healing of 
microcracks due to deposition of the apatite layer. (Reprinted from Dey and Mukhopadhyay, 
International Journal of Applied Ceramic Technology, 11: 65-82, 2013. With permission from 
American Ceramic Society and Wiley.) 
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5.6 Summary 

The typical results of a systematic investigation on the dissolution of MAPS- 
and MIPS-HAp coatings following immersion in the SBF solution are dis- 
cussed in the present chapter. As the amount of studies reported on the 
later type of coatings is far from significant, major importance has been 
devoted to the in-depth investigation of the dissolution of MIPS-HAp coat- 
ings. The first emphasis has been placed on the different types of physical, 
chemical, and microstructural changes that can happen following immer- 
sion. Simultaneously, it has been attempted to illustrate the signatures cor- 
responding to these changes and the relevant experimental techniques that 
are to be utilized to pick up these signatures. Finally, it has been attempted 
to explain how and why these changes happen. The data obtained from the 
ICP-AES results confirmed that after the first day of immersion in the SBF 
solution, the dissolution of Ca and P was dominant. The additional results 
found from XRD, FTIR, SEM, E-SEM, and EDX experiments, however, con- 
firmed that after the fourth and up to 14 days of immersion, the depositions 
of fine-needle-like nanostructured apatites were the dominant process. 
When the MIPS-HAp coatings deposited on biomedical-grade SS316L sub- 
strates were immersed in the SBF solution, the results obtained from the 
ICP-AES experiments confirmed that the leaching of toxic chromium and 
iron metal ions did not happen for up to 2 weeks of immersion time. These 
data would strongly suggest the reliability of MIPS-HAp-coated implants on 
SS316L for biomedical prosthesis applications. 

The macromechanical properties of HAp coatings, e.g., bonding strength, 
shear strength, fatigue behavior, etc., will be discussed in Chapter 6. The 
issues governing HAp coatings' bonding strength, like microstructure, 
interfacial stress, post-heat treatment, etc., will be also described. The gen- 
eral guidelines to improve the bonding strength and its measurement proce- 
dure will be discussed in Chapter 6. 
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Macromechanical Properties 
of Hydroxyapatite Coating 



6.1 Introduction 

It is well known that bioactive coatings are implanted in vivo. They must 
have good adhesion with the substrate. Otherwise, they may fail during in- 
service condition. This is an undesired situation because it would obviously 
require revision surgery. It is from this perspective that the macromechani- 
cal properties of a given bioactive ceramic coating, e.g., HAp coating, need to 
be thoroughly evaluated and analyzed in relation to its microstructure. This 
is exactly what we plan to do in this chapter. 

Now the mechanical properties that are of importance are quite a few. The 
first important property that affects the quality of adhesion is the bonding 
strength of the coating with the substrate. It also needs to be appreciated that 
there are situations when a coated implant undergoes relative motion under 
load. Under such situations the structural integrity is determined by the 
shear strength. So, the shear strength of the HAp coating shall be discussed. 
Further, the most common situation that is encountered by a coated implant 
is that it is sequentially loaded and unloaded, for instance, during walking, 
running, jogging, or any other body movement that involves alternate place- 
ment of body weight on different legs. This situation is similar to fatigue 
loading. Therefore, we shall make an attempt to discuss the mechanical 
fatigue behavior of HAp coatings. Finally, it is to be further appreciated that 
it will be utopian thinking to imagine a crack-free bioactive ceramic coating. 
If and when they are prospectively loaded, e.g., in tension, such microstruc- 
turally omnipresent cracks can certainly grow to such a critical dimension 
as to cause through-thickness propagation, leading to eventual failure of the 
coating itself. Since this will be the most undesirable situation to encounter 
in practice, we shall discuss the crack propagation behavior under the three- 
point bending loading condition. 

To develop these ideas in a plausible manner, therefore, we need to look 
into the factors that govern the performance of a HAp coating, the interface 
related issues, what is really meant by the bonding strength of a coating and 
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what are the means to evaluate the same, how one can improve the bonding 
strength of a coating, and what are the other important parameters that can 
affect the bonding strength. 

Such parameters may include, but are not necessarily limited to, the 
influences of adhesives, coating microstructure, vacuum heat treatment, 
interfacial stresses, substrate holding arrangement, failure modes, relative 
humidity, and finally, dissolution behavior on the bonding strength. Such 
a discussion will prepare us to understand the perspective of measure- 
ment techniques other than the American Society for Testing and Materials 
(ASTM) method and the global development of HAp coatings by processes 
other than the conventional plasma spraying processes. 

This backdrop will help us to understand the issues of utmost importance 
in evaluation and analysis of the bonding strength of MIPS-HAp coatings, 
as well as to develop a comparative idea of the bonding strength of MIPS- 
and MAPS-HAp coatings. Next, we shall discuss the role of residual stress 
in affecting the bonding strength, followed by a general discussion on shear 
strength and pushout strength of coatings. A detailed discussion will be 
made in relation to crack propagation behavior under three-point bending 
loading of a MIPS-HAp coating prior to taking up, finally, the picturization 
of the fatigue scenario in such coatings. Thus, the subsections below will 
provide a sequential discussion on the issues highlighted above. 



6.2 What Governs HAp Coating's Performance? 

The major characteristics that affect the ultimate performance of a HAp coat- 
ing include [1-5] (1) coating thickness, (2) surface conditions (roughness and 
cleanliness) of the metal substrate, (3) mechanical strength of the coating, 
(4) porosity of the coating, (5) chemical purity of HAp after spraying, (6) crys- 
tallinity of the HAp material, and (7) dissolution properties of the coating. 
Lemons [2] opined that these aforesaid factors determine the biological lon- 
gevity of the coating, and thereby influence the clinical outcome. A thin HAp 
coating of about 50-70 pm with full density was demonstrated to give high 
bonding strength with the substrate and to overcome resorption [3]. 

It has been further proposed that a HAp purity of >95% and HAp crys- 
tallinity of >70% after spraying were conducive to obtain good bonding 
strength [1]; however, the exact quantitative methods used to evaluate HAp 
content and coating crystallinity were not clearly mentioned [3]. Therefore, 
these results clearly demonstrate that the optimum values for chemical 
purity and crystallinity have not yet been unequivocally established. 
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6.3 Interface Issues 

In a study by Spivak et al. [4], the failure of the bone-HAp coating during 
interfacial tensile strength test occurred consistently at the HAp coating- 
metal substrate interface. This indicated clearly that the challenge was, and 
in fact still is, to develop reliable bonding between the HAp coating and the 
metallic substrate. Therefore, emphasis must be given to the promotion of 
bonding at the interface between the HAp coating and the metallic substrate. 



6.4 Bonding Strength and Methods of Measurements 

The true bonding strength of the plasma sprayed coatings was proposed to 
be a manifestation of the mixture of the cohesive bonding strength between 
the lamellar layers themselves and the adhesive bonding strength between the 
coating and the substrate [5]. Conventionally, the bonding strength of the 
HAp coating to the metallic substrate was tested using the standard bonding 
test method as per ASTM standard C-633-01 [6]. 

For this test, the HAp coatings of thickness 100-300 pm were sprayed on 
cylindrical stubs of diameter 24.5 mm (Figure 6.1). The length of substrate 
should also be 24.5 mm, or approximately 1 in. Next, the coated stub was 
joined to another uncoated stub with a commercially available adhesive tape 
or adhesive glue (Figure 6.2). The stubs were then mounted on a tight-fixing 
fixture and kept in an oven for several hours. Thereafter, the test was carried 
out by universal testing machine under ambient conditions. 




FIGURE 6.1 (See color Insert.) 

A typical image of the MIPS-HAp coating on SS316L cylindrical substrate (both diameter and 
length of ~25 mm) of different thicknesses, e.g., 100, 200, and 300 |tm (on left side onward), 
and grit-blasted uncoated SS316L cylindrical substrate before the coating (on extreme right 
side image). 
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FIGURE 6.2 (See color insert.) 

Arrangements before bonding strength measurement: two identical SS316L cylindrical stubs 
(e.g., top one coated and bottom one uncoated) joined with adhesive tape and cured in oven 
for several hours. 



The bonding strength of the coating was obtained by dividing the critical 
load at failure by the coated area. 



6.5 What Are General Guidelines 
to Improve Bonding Strength? 

Literature reports [5-28] show that (1) a denser microstructure [5], (2) a thin- 
ner HAp coating (less than 100 pm) [5, 25, 26], and (3) a post-deposition heat 
treatment in vacuum all resulted in higher bonding strength [27]. 



6.6 Other Important Parameters 

The other important parameters that affected the bonding strength of the 
HAp coatings as reported in literature are: 

1. The surface conditions (roughness and cleaning) of the metal substrate 

2. The properties (e.g., viscosity, adhesive strength, and shrinkage rate) 
of the glue employed 

3. The extent of penetration of the glue into the imperfections (e.g., 
porosities and microcracks) of the coating 
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6.7 Influence of Adhesive 

In a study by Filiaggi and co-researchers [28], the effect of the properties of 
adhesive glue on the bonding strength was evident. They used special glue 
that had high viscosity, took very little time to set, but had a weaker strength 
value, and they finally obtained a typically lower magnitude of the bond 
strength (~7 MPa). 

On the other hand, in agreement with the work of Filiaggi et al. [28], a 
similar low value of bonding strength was reported (e.g., ~9 MPa) even when 
a stronger glue was employed [7], Therefore, this level of strength data might 
represent mostly the interlamellar cohesive strength due to the fact that the 
glue was of a quick setting type. Munting et al. [25] achieved a bonding 
strength of 60-70 MPa for a thin coating (50 pm); however, the validity of the 
test was questionable and the ultra-high bonding strength reported could 
have reflected the strength of the glue used. 



6.8 Influence of Microstructure 

In an attempt to explain the mechanism that governs the bonding strength of 
HAp coatings, Wang et al. [29] showed that the HAp coatings with a denser 
microstructure had a higher extent of HAp powder melting, and hence a 
higher bonding strength. In this work, the HAp coatings with the densest 
structure exhibited a higher bonding strength (~30 MPa) than that (~23 MPa) 
of the most porous HAp coating. They also concluded that the HAp coating 
that exhibited a relatively higher extent of the HAp powder melting during 
the coating process also had the higher content of impurity phases, lower 
crystallinity, and higher Ca/P molar ratio. The reverse was true for the HAp 
coating that had a relatively lower extent of the HAp powder melting during 
the coating process. 

Yang and Chang [30] have opined that an increase in the volume percent 
open porosity could strongly degrade the cohesive bonding of both A-HAp 
coatings prepared using the fixed holder and B-HAp coatings prepared using 
the rotational holder. The coatings produced using the fixed holder (i.e., the 
A-HAp coatings) exhibited a rough surface morphology, higher crystallinity 
and porosity content with nonuniformity of porosity distribution, as well as a 
higher residual stress. The nonuniformity in porosity distribution in A-HAp 
coatings was attributed to have played a major role in lowering the bonding 
strength through a strong degradation of the cohesive strength of the coatings. 
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6.9 Influence of Vacuum Heat Treatment 

Recently, Yang [8] measured the bonding strength between the plasma 
sprayed-HAp coatings and substrate after heat treatment at various tem- 
peratures in vacuum (e.g., better than 10 5 torr). The bonding strength of the 
as-sprayed coating was about 29 MPa, which increased with increasing tem- 
perature up to 600°C to about 42 MPa, but above 600°C and up to 900°C, it 
degraded sharply to about 20 MPa, which was even lower than that of the 
as-sprayed HAp coating. It was suggested that the bonding strength of the 
HAp coating on Ti substrates was improved through the effects of the crys- 
tallization and the sintering-induced densification of the HAp coating when 
the post-spraying vacuum heat treatment temperature was below 600°C. 

In another study, Yang and Chang [30] concluded that when the post- 
spraying vacuum heat treatment temperature was below 600°C, the com- 
pressive residual strains of HAp coatings were released. According to them 
[30], this also helped to improve the bonding strength of the HAp coatings. 
However, at temperatures above 600°C, the compressive residual stresses of 
the HAp coatings reduced the interfacial adhesive force of the HAp coating 
on the substrate, and as a result, the bonding strength degraded [30]. 



6.10 Role of Interfacial Stress 

In a related study, it has been found [30] that the in-plane compressive resid- 
ual stress would induce through-thickness tensile stress acting in the direc- 
tion normal to the interface of the HAp coating and the Ti substrate. The role 
of this stress was to neutralize the bonding force between the coating and 
the substrate. It also reduced the interfacial adhesive force. Now these inter- 
facial adhesive forces were actually the forces that degraded the bonding 
strength between the coating and the substrate. Therefore, the magnitude of 
the bonding strength increased with the increasing temperatures when the 
post-spraying vacuum heat treatment temperatures were raised to <600°C. 
These researchers opined that the reasons for this strength improvement 
were not only the sintering-induced densification of the HAp coating, but 
also the higher magnitude of the interfacial adhesive force, which resulted 
from the release of the compressive residual strain of the as-sprayed HAp 
coating through the post-spraying vacuum heat treatment. 

It was interesting to note that when the post-spraying vacuum heat treat- 
ment temperature was raised above 600°C, the coefficients of thermal expan- 
sion (CTE) of the HAp coating were smaller than that of Ti alloy substrate. 
As a result of this process, a larger compressive residual strain occurred, and 
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it increased with the increasing temperatures. Consequently, the bonding 
strength was weakened with heat treatment in vacuum at temperatures 
higher than 600°C. 



6.11 Role of Substrate Holding Arrangements 

The experimental results [7, 30] showed that the bonding strengths of the 
HAp coatings obtained using a fixed substrate holder were significantly 
lower than those of the HAp coatings obtained using a rotational substrate 
holder [29, 30]. These observations could be rationalized in terms of the vari- 
ation in microstructure and the resultant porosity. 



6.12 Failure Mode and Related Issues 

Yang and Chang [30] showed that the area fraction of adhesive failure for 
each series of HAp coatings was apparently influenced by the compressive 
residual stress. In turn, the area fraction of adhesive failure of the specimens 
was apparently correlated with the bonding strength in the HAp coatings 
obtained using a fixed substrate holder and the HAp coatings obtained 
using a rotational substrate holder. For each series of HAp coatings, it was 
also shown that the larger the area that failed adhesively, the lower was the 
bonding strength of both HAp coatings. 

In another study, Yang and Chang [7] tried to understand whether resid- 
ual stress might be an important factor influencing the bonding strength 
between a ceramic coating and the metallic substrate. Six numbers of HAp 
coatings were produced by plasma spraying on Ti-6A1-4V substrates of dif- 
ferent initial temperatures in the presence of various cooling media that had 
been utilized during the plasma spraying processes. The HAp coating with 
the lowest residual stress exhibited a higher bonding strength (e.g., ~9 MPa) 
than those of the others, while the HAp coatings obtained with high residual 
stress due to the deliberate absence of any cooling gas displayed the lowest 
bonding strength (e.g., ~2 MPa). 

The observation that the specimen with the higher residual stress exhib- 
ited lower bonding strength at the interface of the HAp coating on Ti-6A1-4V 
substrate can be explained in terms of the compressive residual stress 
in the coating, which could have easily caused the coating to delaminate 
from the substrate. 
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Further, from the fractographs of adhesive tests of the HAp coatings, the 
failure modes revealed both cohesive and adhesive failures of the coating. 
After the adhesion test, the adhesive failure area of HAp coating that dis- 
played the lowest bonding strength was about 68%, while the HAp coating 
that displayed the highest bonding strength revealed only about 23% of the 
adhesive failure area. 

In general, HAp coatings having the dense microstructures obtained 
through plasma spraying with high power possessed a higher bonding 
strength than coatings having such microstructures obtained through 
plasma spraying with lower power. This was not only due to the differences 
in adhesive strengths of the related HAp coatings. 

The magnitude for bonding strength actually reflects the combination of 
the adhesive strength (i.e., the strength /weakness of the interface between 
the coating and the substrate) and the cohesive strength (i.e., the strength/ 
weakness within the coating layers themselves) of a coating. Of these two 
aspects, the cohesive strength is dominated by the coating structure, i.e., 
crystallinity, porosity, crack and lamellar texture, etc. In contrast, the adhe- 
sive strength might be affected by, e.g., the coating microstructure, the resid- 
ual stress, and the surface roughness of the substrate. 



6.13 Influence of Humidity 

Ding et al. [18] studied the variation of the bond strength of monolithic HAp 
coating with time of storage in a humid environment. In conditions of low 
(e.g., <30%) humidity, the bond strength did not change with time. However, 
when exposed to high (e.g., >95%) humidity, the monolithic HAp coating on 
Ti-6A1-4V substrates significantly lost its bonding strength. 

Further, with increasing storing time in high-humidity conditions, 
e.g., after 30 days, a continuous degradation from about 60 MPa in the as- 
sputtered samples to about 50 MPa was noted. Thus, a reduction of about 
17% of the original bonding strength happened in highly humid conditions. 

It was suggested that the bonding strength degradation of HAp coating 
came mostly from the water attack. When water from the atmosphere was 
absorbed throughout the coating by capillary action, it infiltrated into the 
inner portion of the HAp coating through the narrow structural imperfec- 
tions and came into contact with the deeper portions of the coating [31]. 

The interaction of absorbed water and coating finally resulted in the weak- 
ening of the bonding strength between the HAp coating and the substrate 
[32], These results imply the need for tremendous care that should be taken 
in storing HAp-coated Ti-6A1-4V implants. 
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6.14 Influence of the Dissolution Behavior 

Yang and co-researchers [20, 33] showed that the HAp coatings having the 
most dense microstructure before immersion in simulated body fluid (SBF) 
had the highest bonding strength and the highest interlamellar cohesive 
strength. HAp coatings with denser microstructure would lead to lesser 
instability. This rationale could explain why the most dense HAp coating 
dissolved only slightly, and consequently, only a 30% reduction of original 
bond strength (e.g., from ~31 MPa to ~21 MPa) was measured even after 
4 weeks of immersion [33]. 

On the other hand, in another related study [20], a higher bonding strength 
degradation (e.g., from ~30 MPa to ~17 MPa after 1 week of immersion in SBF) 
resulted from serious dissolution of the HAp coating, which had a highly 
porous microstructure. Nevertheless, this trend was followed by an abnor- 
mal increase in strength data (~24 MPa) measured during the last 3 weeks 
of immersion in SBF. This abnormal rise in bonding strength was suggested 
to be a contribution of the glue that penetrated the coating microstructure. 
A typical range of about 25-33%, or even higher, reduction in bond strength 
was measured. 

These researchers [20, 33] opined that in evaluating the dissolution behav- 
ior of the HAp coatings, the microstructure, rather than coating crystallinity, 
seemed to be the most important variable. In addition, as the amorphous com- 
ponent of HAp coatings could crystallize in SBF easily, the initial crystallinity 
of the coating might easily be rendered to be a less important factor of influ- 
ence. Evidence of the dissolved morphologies of HAp coatings that weakened 
the interlamellar strength had accounted for the degraded bond strength. 



6.15 Bonding Strength Measurements by Techniques 
Other than ASTM C-633 

The details of the bonding strength values reported by several researchers in 
literature for HAp and HAp composite coatings on different substrates depos- 
ited by several coating techniques are presented in Table 6.1 [5, 7-24, 30, 34-37]. 

A modified ASTM C-633 method was employed to measure the bond- 
ing strength of the HAp or HAp composite coating [16, 17]. However, the 
maximum bonding strength value (-100 MPa) of HAp coating by the sol-gel 
technique was reported in one case [14]. In this case, bonding strength was 
evaluated by an ultra-microhardness indentation method. Other methods, 
e.g., pull-off test [18], scratch test [34], etc., were also employed to measure the 
bonding strength of the HAp and HAp composite coatings. 
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TABLE 6.1 

Literature Status on Bonding Strength of HAp or HAp Composite Coatings 

Depostion 

Coating/Substrate Process Bonding Strength 3 (MPa) Reference 

-8-14 (4-12 weeks in SBF) [5] 



HAp/Ti-6Al-4V 


MAPS 


HAp/Ti-6Al-4V 


MAPS 


HAp/Ti-6Al-4V 


MAPS 


HAp-BG/Ti-6Al-4V 


MAPS 


HAp/Ti 


PS 


HAp composite/Ti-6Al-4V 


MAPS 


YSZ-HAp/SS 


SG 


HAp/Ti-6Al-4V 


SG 


HAp/Ti-6Al-4V 


Aero-SG 


HAp-Na-Ti/Ti-6Al-4V 


PS 


HAp/BG, GC, H d , Ti 


B 


HAp/Ti-6Al-4V 


PLD 


HAp & HAp-Ti (FGC)/ 
Ti-6A1-4V 


MS 



HAp/Ti-6Al-4V 




HAp/Ti-6Al-4V 


MAPS 


HAp/Ti-6Al-4V 


MAPS 


HAp, HAp-glass/zirconia 


Dip coating 


HAp/C-C 

HAp 


MAPS 


HAp/Ti-6Al-4V 
[S-TCP, FH Ap / Ti-6 A1-4V 


MAPS 

SG 


HAp, HAp-Ti-6Al-4V / 
Ti-6A1-4V 


PS 


HAp-YSZ/Ti-6Al-4V 

HAp/SS316L 


MAPS 

MIPS 



2-9 [7] 

2CM2 [8] 

61-64 [9] 

13-17 [10] 

45-50 [11] 

17-32 (S.S.) [12] 

>14 [13] 

100 (UMI) [14] 

27-38 [15] 

2-30 (modified ASTM-633) [16] 

>58 (modified ASTM-633) [17] 

(Pull-off test, Sebastian system) [18] 

-60 

-50-55 (10-30 days in SBF) 

-60-82 (FGC, increase Ti) 

-55-83 (FGC 10-30 days in SBF) 

- 35 [19] 

<10 (Bone to HAp) 

- 23-30 [20] 

-17-30 (in SBF 1-4 weeks) 

-15-17 (in SBF 12-24 weeks) 

-27-31 [21] 

-18-30 (in SBF 1-4 weeks) 

-22 [ 22 ] 

-35^0 (HAp-G) 

4-9 (S.S.) [23] 

-1.6 (bone to HAp) (after [24] 

6 weeks in rabbit) 

9-26 [30] 

-500 mN (scratch test, max load [34] 

at which coating peels off) 

-27 (HAp-TA) [35] 

-18 

-27-16 (8 weeks in SBF) 

23-30 [36] 

13 [37] 
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TABLE 6.1 (continued) 

Literature Status on Bonding Strength of HAp or HAp Composite Coating 

Note: MAPS = macroplasma spraying, MIPS = microplasma spraying technique, SG = sol- 
gel technique, PLD = pulsed laser deposition, B = biomimetic technique, p = percent- 
age of porosity, UMI = ultra-microindentation, SBF = simulated body fluid, C-C = 
carbon-carbon composite, YSZ = yttria-stabilized zirconia, FGC = functionally graded 
coating, S.S. = shear strength of the coating, SS = stainless steel, FFIA = fluoridated 
hydroxyapatite, BG = bioglass, GC = glass ceramic, and H d = dense hydroxyaptite. 

a Bonding strength of the coating tested by ASTM C-633. 



6.16 HAp Coatings Developed by Other Coating Processes 

Other than the conventional plasma spraying, either macroplasma spray- 
ing (MAPS) or microplasma spraying (MIPS) based, HAp or HAp composite 
coatings have been prepared by a variety of methods, e.g., sol-gel [12-14, 34], 
pulsed laser deposition [17], biomimetic [16], dip coating [22], etc., on differ- 
ent substrates, for instance, stainless steel [12], titanium alloys [13, 14, 16, 34], 
titanium [16], ceramics, e.g., bioglass [16], zirconia [22], or glass ceramic [84]. 

In the case of coatings prepared by the sol-gel technique, a shear strength 
of 17-32 MPa [12] and bonding strength of at least 14 MPa [13] have been typi- 
cally recorded. Even nanoscratch tests have been employed to opine that at 
least up to a load of 500 mN, the coating does not peel off [34]. 

In the case of coatings prepared by the pulsed laser deposition technique, 
it is reported that a so-called modified ASTM C-633 technique gave a bond- 
ing strength of at least 58 MPa [17]. Biomimetic coatings, however, record a 
much wider range of bonding strength, e.g., 2-30 MPa, when tested by the 
modified ASTM C-633 technique [16]. Similarly, in the case of the coatings 
prepared by the dip coating technique, the bonding strength measured by 
the conventional method (ASTM C-633) gave a value of 22 MPa for pure HAp 
and a slightly higher value (e.g., 35-40 MPa) for the HAp composite [22]. 



6.17 Bonding Strength of MIPS-HAp Coatings 

The present authors and their coworkers [37] developed HAp coatings by the 
MIPS process, which has been discussed in detail in the previous chapters. 
Now we shall concentrate on its bonding strength properties. It will be perti- 
nent to remember that the MIPS-HAp coatings are highly porous in nature. 
This is, in fact, beneficial for osseointegration, as well as bioresorption. 
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FIGURE 6.3 

(a) Fractographs after bonding strength test on the MIPS-HAp coating showing the adhesive 
fracture ( F ad ) and cohesive fracture (F co ) (L = loading stub, S = substrate stub), (b) Schematic 
representation of Fad and F co . (Reprinted from Dey et al.. Journal of Thermal Spray Technology, 18: 
578-592, 2009. With permission from Springer.) 



However, too much porosity in the microstructure may sometimes cause 
total delamination of the coatings. Therefore, it is really crucial to study the 
bonding strength of such porous MIPS coatings. 

Dey and his coworkers [37] recently reported average bonding strength 
of MIPS-HAp coatings as -12.6 ± 0.31 MPa. After the bonding strength test 
in the universal testing machine in tensile mode, a typical loading stub, L, 
and the substrate stub, S, are shown in Figure 6.3a. The failure modes of the 
coating involved both cohesive failure zones (F co ), where fracture occurred 
mainly in between the ceramic splats themselves (Figure 6.3a), and adhe- 
sive failure zones ( F ad ), where fracture occurred (Figure 6.3b) in between the 
ceramic splats and substrate. It is obvious that the more cohesive failure that 
occurs, the higher is the bonding strength of the coating. If the scenario is 
opposite, then splat-to-splat adhesion is poor. This may lead to production of 
debris from the coating itself. The cohesive failure takes place when the two 
successive layers of splats tear and make a route of intersplat fracture during 
the bonding strength measurement. Bonding strength is straightaway reli- 
ant on the mode of fracture. Therefore, it is expected that when the propor- 
tion of adhesive failure is more, there would be better adhesion between the 
coating and the substrate [7]. 

For the MIPS-HAp coatings, the present authors measured the bonding 
strength as -13 MPa, which is adequate if we look into the reported litera- 
ture values, which spread in a wide range, e.g., -2-30 MPa. We have to keep 
in mind that the literature data are only available for the macroplasma- 
deposited HAp coating. Now, for the point of discussion, is this really 
encouraging data? Or is it really poor data? If we recall our earlier discussion 
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regarding the bonding strength of the plasma sprayed coating in general, it 
mainly depends on a lot of factors, for example: 

1. Porosity of the coating 

2. Thickness of the coating 

3. Post-spraying heat treatment of the coating 

4. Choice of the substrate 

5. Residual stress 

It has been also reported that superior values of bonding strength were 
typically associated with MAPS-HAp coatings with (1) highly dense micro- 
structure (385 pi chk n chng), (2) less coating thickness [25, 26, 38, 39], and 
(3) post-heat teat treatment in vacuum [8, 27]. In contrast, a comparatively 
lower bonding strength of MAPS-HAp coating on Ti alloy (e.g., ~7 and 
~2-9 MPa) was also reported by Filiaggi and coworkers [28] and Yang and 
Chang [7], Hence, it is yet to be unambiguously established the control of 
which factors would totally ensure attainment of higher bonding strength 
of PS-HAp coatings in general, and MIPS-HAp coatings in particular. The 
present authors [37] opined that the moderate value of the bonding strength, 
i.e., 13 MPa in the MIPS-HAp coating, was presumably linked to the exis- 
tence of porosity (e.g., -20%) that was much higher than that (e.g., 2-5%) in a 
typical dense MAPS-HAp coating. 

Further, if we consider porosity dependency of strength, it is expressed 
according to the empirical Spriggs' equation: 

o = o 0 exp (-bP) (6.1) 

where o and a„ are strength of a ceramic materials at porosity P and zero, P 
is the volume percent open porosity, and b is the preexponential factor. Thus, 
o 0 represents the strength of the dense ceramic (e.g., P = 0). The higher end 
average of the reported data on bonding strength of a dense MAPS-HAp 
coating is about 30 MPa [8]. So, if we presume o 0 was about 30 MPa, the 
strength of the porous coating would be predicted to be about -16 MPa, fol- 
lowing Equation (6.1), for an experimentally measured porosity of 20% [37]. 
Therefore, the predicted value of bonding strength is well matched with the 
experimentally measured bonding strength data reported by Dey et al. [37]. 



6.18 MAPS-HAp vs. MIPS-HAp Coatings 

In MIPS-HAp coatings, a higher porosity level, e.g., 20% or more, is achieved 
than what could be attained by a HAp coating prepared by the macroplasma 
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spraying technique without compromising the high degree of crystallinity. 
The high porosity level is actually requisite for several practical reasons. The 
pores basically allow tissue ingrowth, and thus anchor the prosthesis to the 
surrounding bone, thereby preventing the loosening of implants. Further, 
the distributed porosity ensures the blood and nutrition supply for the bone. 
Additionally, the porosity aids to locally relax the strain, and thus diminish 
the residual stress. This particular aspect has been discussed elaborately in 
Chapter 9. A large surface area-to-volume ratio in porous FIAp coating could 
enhance the rate of bioresorption, which is an important requisite for bio- 
application of FIAp coating [37, 40]. An important matter is that FIAp coat- 
ings are required to be phase pure and highly crystalline in order to improve 
long-term stability in in vivo applications. 

Although a high porosity might seem favorable for better osseointegration, 
a coating with much higher porosity is likely to possess extremely poor adhe- 
sion to the substrate [41, 42], Consequently, the poor adhesion might delami- 
nate the coating. In such a situation, part of the failed coating can give rise to 
(1) exposed metal surface and (2) debris comprising fractured coating. Under 
such a situation, metallic ions can leach out of the metallic stems. This is the 
most dangerous, undesirable condition. Besides, an excessive penetration of 
body fluids through a porous FIAp coating might cause more dissolution of 
the coating material in the interface region, which would worsen the adhe- 
sion strength further. Flence, it is usually recommended that an appropriate 
trade-off between porosity and adhesion strength be devised [40, 41]. 



6.19 Effect of Residual Stress 

Another important factor that affects the bond strength is residual stress. 
Residual stress in plasma sprayed coating arises from two main sources. 
First, there are the intrinsic or deposition stresses, which are generated 
during the cooling of molten, sprayed particles to the temperature of the 
substrate as the solidification process continues to its final stage. Second, dif- 
ferential thermal contraction stresses may arise during the post-fabrication 
cooling-down period. 

The behavior and mechanism of residual stress generation is so compli- 
cated that it is always open to extensive independent study by itself [7]. 
Investigations of plasma sprayed ceramic coatings on metal substrates have 
suggested that maximum residual stress generally occurs at the interface of 
the coating and the substrate. Such a residual stress may initiate a debond- 
ing stress at the interface that often leads to adhesive failure of the FIAp 
coating on the metallic substrate. The CTE of sintered FIAp is different than 
that of the metallic substrates. Therefore, a high compressive or tensile stress 
state may prevail in the present FIAp coating after cooling down from the 
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elevated temperature attained during the plasma spraying process. Such a 
high value of residual stress may cause the HAp coating to buckle easily 
If a situation as suggested above were prevailing, that would also induce a 
comparatively lower magnitude of bonding strength [37], 



6.20 Shear Strength and Pushout Strength 

The shear strength (S) at the plasma sprayed-HAp coating-bone interface 
was calculated by dividing the maximum pushout force by the total bone 
area in contact with the implant, by using the relationship F/nDH, where D is 
the diameter of the implant (4.76 mm), and H is the average cortex thickness. 

Yang et al. [20] measured the interfacial shear strength between the MAPS- 
HAp coating on Ti-6A1-4V after in vivo implantation and the bone interface. 
The well-prepared fresh samples were placed in a testing jig, and using a 
universal testing machine, the implants were pushed out at a very slow load- 
ing rate of -200 gm.mim 1 from the surrounding bone. The force needed to 
loosen the implant was determined from the load vs. displacement curve. As 
such, for different periods of implantation, the average strength data of the 
coating having a relatively lower porosity (i.e., about 3.5%) were significantly 
higher than those of the coatings having a relatively higher porosity (i.e., 
about 9%). After 24 weeks of implantation, shear strength as high as about 
17 MPa was observed for the denser coating. The failure site of implants 
after the pushout tests was conclusively identified to be at or near the HAp 
coating-bone interface and not at the Ti-6Al-4V-HAp coating interface. 

However, several researchers have stated that a wide scatter existed in 
measured pushout strengths for the plasma sprayed HAp-coated titanium 
implant system [39, 43]. Due to huge variability in test conditions, a compari- 
son between different data sets is yet to be made. This issue again highlights 
the urgent need for a standard of pushout test that could be followed interna- 
tionally for the HAp-coated titanium-based alloys/SS316L implant systems. 
More recently, Dhert et al. [44] further pointed out several parametric factors 
that might influence the results of shear strength measurements: 

1. Clearance of the hole in the support jig 

2. Young's modulus of the implant 

3. Cortical bone sample's own thickness 

4. Final diameter of the implant 

In the other related study, shear strength of the post-heat treated (vacuum, 
2 h, 700°C) MAPS-HAp coating on C/C composite was measured to be 
-7 MPa [23]. Recently, Balamurugan et al. [12] measured the shear strength 
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of the composite coating of YSZ-HAp on SS316L substrate. The HAp coat- 
ing was prepared by a sol-gel method. Here, the HAp coatings showed the 
lowest strength (~17 MPa), and the 50 vol% zirconia-reinforced HAp coating 
showed the highest strength (~32 MPa), illustrating that the strength of the 
HAp coatings can be significantly improved by the addition of zirconia. This 
information also highlights the need to look into various possible means of 
reinforcing the MAPS-/MIPS-HAp coatings with a view to achieve higher 
strength as well as other macro- and nanomechanical properties of relevance 
for prosthetic applications. 



6.21 Three-Point Bending Test 

To the best of the present authors' knowledge, so far the only data related to 
the three-point bending test on HAp-coated samples are reported from their 
own research group [37]. In that study, the deformation and crack propaga- 
tion behavior of the MIPS-HAp coating on SS316L substrate was investigated 
by a three-point bending test with a conventional universal testing machine 
under a displacement-controlled mode at ambient test conditions. The HAp- 
coated surfaces on the SS316L bars are kept in the tensile side (Figure 6.4) 
[37]. The combined stress developed at the HAp-coated SS316L sample was 
calculated according to the following equation: 

0 = 3 PL/2 wt 2 (6.2) 

where P is the applied load, L is the span length, w is the width, and t is the 
total thickness of the HAp-coated sample. Two types of samples had been 




FIGURE 6.4 (See color insert.) 

Arrangement for three-point bending test of MIPS-HAp coating on SS316L substrate (HAp 
coated surface is kept in the bottom, i.e., tensile side). 
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taken: (1) notched at the center of the SS316L bar and (2) unnotched. Further, 
some prefixed deflection had been given. Additional details may be found 
elsewhere [37]. In this work, the deformation or crack front behavior was 
studied by a high-speed CCD camera attached to an optical microscope. 

The stitched micrographs of the crack path for both unnotched and 
notched FIAp-coated SS316L samples are shown in Figures 6.5a, b and 6.6a-c, 
respectively [37]. The crack deflection and zigzag path of the crack across 
the MIPS-HAp coating were observed in the unnotched sample at prefixed 
cross-head displacements of 1.5 and 1.8 mm, respectively. Flowever, no crack 
commencement was observed below the cross-head displacement of 1.5 mm. 
Therefore, at a lesser stress level, the coating was intact, i.e., undamaged. The 
cracks initiated at still higher loads in the FIAp coatings as the tensile stress 
was further enhanced by means of increasing cross-head displacement. 

The various modes of failure propagation, e.g., crack deflection, crack 
branching, and also local crack bridging over the coating surface, were 




FIGURE 6.5 

Stitched micrographs of crack propagation for the unnotched samples at prefixed cross-head 
displacements of (a) 1.5 and (b) 1.8 mm (crack deflection marked with arrowhead). (Reprinted 
from Dey et al.. Journal of Thermal Spray Technology, 18: 578-592, 2009. With permission 
from Springer.) 
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FIGURE 6.6 

Stitched micrographs of crack propagation for the notched samples at prefixed cross-head 
displacements of (a) 1.5, (b) 1.75, and (c) 2 mm ( d = crack deflection marked with arrowhead, 
b = crack branching marked as white arrow, g = local crack bridging marked as thick white 
arrow). (Reprinted from Dey et al.. Journal of Thermal Spray Technology, 18: 578-592, 2009. With 
permission from Springer.) 

observed in a notched sample at prefixed cross-head displacements of 1.5, 
1.75, and 1.8 mm, respectively. The crack width at the beginning of the 
notched sample was much wider than those of cross-head displacements of 
1.75 and 1.5 mm unnotched samples, as expected as the stress level increased. 
These observations may be rationalized in terms of differences between the 
direction of crack propagation and the local orientation of the splats in the 
coating microstructure. It is a fact that not much three-point bending test 
data obtained either by the interrupted test or by uninterrupted tests on 
either notched or unnotched samples are available on HAp coatings depos- 
ited by other techniques on either SS316L or Ti-6A1-4V or Ti. This informa- 
tion simply points out the need for much more database generation through 
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precisely controlled and preplanned three-point bending test experimenta- 
tions. There is no doubt that such an activity is very much deserved for the 
future development of the H Ap coatings for biomedical implant applications 
in a much more reliable manner. 



6.22 Fatigue Behavior 

Fatigue properties also play an important role when the FIAp coatings are 
used in an in vivo environment. More often, patients operated on with HAp- 
coated implants experience different stress levels from their different physi- 
cal movements. Therefore, mechanical integrity of FIAp coatings should be 
adequate, as they should not fail in the body environment. The literature 
status on fatigue properties of FIAp coating is summarized in Table 6.2 
[45-49]. Lynn and Du Quesnay [46, 47] conducted fatigue tests at a frequency 
of 50 FIz and stress amplitude of 620 MPa on MAPS-HAp on Ti-6A1-4V. The 
thickness of the coating varied in the range of 25-150 pm; further, the coat- 
ings were heat treated at 400°C. As-sprayed coatings failed above 10 5 cycles, 
whereas the heat-treated coatings failed much earlier, e.g., only above 10 4 
cycles. Further, the thinner (e.g., -25-50 pm) coatings showed better perfor- 
mance than the thicker (-100-150 pm) FIAp coatings. Lynn and Du Quesnay 
[46, 47] suggested that the fatigue property was highly dependent on the 
residual stress of the FIAp coating. Fatigue tests have also been conducted at 
room temperature with the samples immersed in Ringer's solution [48, 49]. 
The results reported by Mukerjee et al. [49] showed that yield strength, yield 
strain, and elastic moduli depend on crystallinity of the coating after the 
fatigue test; however, the variations were random in nature. Further, they 
concluded that loss of FIAp coating was a cumulative effect of fatigue as 
well as bacterial exposure. Lower crystalline FIAp coatings showed a higher 
degree of coating loss. 

Gledhill et al. [48] developed FIAp coatings on Ti-6A1-4V by both the vac- 
uum plasma spraying (VPS) and the DGS technique. Fatigue tests on these 
samples were conducted in Ringer's solution and at a frequency of 4 FIz over 
1-10 million cycles. VPS-FIAp coatings failed after 1 million cycles, whereas 
DGS-HAp coatings showed much superior performance and failed at a much 
later stage, e.g., after 10 million cycles. Zhang et al. [45] had conducted both 
static and dynamic fatigue tests. They found that thinner (-90 pm) coatings 
showed better performance than the thicker (-200 pm) one. However, fatigue 
tests on MIPS-HAp coatings are yet to be reported, suggesting that a priority 
research need exists in this domain. 
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TABLE 6.2 



Literature Status on Fatigue Properties of HAp or HAp Composite Coating 



Coating/Substrate: 
Processing Route 


Details of Fatigue Test 


Results 


Reference 


HAp/Ti-6Al-4V: 

MAPS 


Static fatigue test 
(displacement rate = 
0.3 mm.min -1 ) 
Dynamic fatigue test 
(time: 10 7 cycle, 
stress ratio ~ 0.1%, 
frequency = 30 Hz) 
Shear strength test 


Thinner (~90 pm) coating 
showed better performance 
than the thicker (-200 pm) 
one 

Shear strength = 25^0 MPa 


[45] 


HAp/Ti-6Al-4V: 

MAPS 


Fatigue test (frequency = 
50 Hz, stress amplitude 
= 620 MPa) 


Thinner (-25-100 pm) 
coatings showed better 
performance than the 
thicker (-150 pm) one 


[46] 


HAp/Ti-6Al-4V: 

MAPS 


Fatigue test (frequency = 
50 Hz, stress amplitude 
= 620 MPa) 


As-sprayed coatings fail 
above 10 5 cycles 
Heat treated at 400°C 
coatings fail above 10 4 
cycles 

Thinner (-25-50 pm) coatings 
showed better performance 
than the thicker (-100-150 
pm) coatings 


[47] 


HAp/Ti-6Al-4V: 
VPS, DGS 


Fatigue test (in RT with 
Ringer's solution) 
(maximum tensile 
strain ~ 1%, frequency = 
4 Hz, cycle: 

1-10 million) 


VPS-HAp coating fails: after 
1 million cycles 
DGS-HAp coating fails: after 
10 million cycles 


[48] 


HAp/Ti-6Al-4V: 

MAPS 

Crystallinity: 
60.5% (A) 
52.8% (B) 
47.8% (C) 


Fatigue test (in RT with 
Ringer's solution) 
(maximum tensile 
strain ~ 1%, frequency = 
10 Hz, cycle: 5 million) 


Yield strength: 

923 MPa (A) 

908 MPa (B) 

950 MPa (C) 

Yield strain: 

17.2% (A) 

17.4% (B) 

16.9% (C) 

Young's modulus: 
8.8 GPa (A) 

9.7 (B) 

11.6 (C) 


[49] 



Note: MAPS = macroplasma spraying technique, VPS = vacuum plasma spraying technique, 
DGS = detonation gun spraying technique, COF = coefficient of friction, RT = room 
temperature. 
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6.23 Summary 

We have discussed why macromechanical properties like bonding strength, 
shear strength, and fatigue properties of HAp coatings are particularly 
important when HAp coatings will be used in in vivo implantation. For 
HAp coatings processed by different methods, the comparison of bonding 
strengths and other properties has been provided. Of course, comparatively 
more importance has been devoted to plasma sprayed coatings in general, 
and the MIPS-HAp coatings in particular. The different factors influencing 
bonding strength, shear strength, and fatigue behavior have been discussed 
in detail. A thorough study of the relevant literature revealed that there is no 
fatigue study yet reported for MIPS-HAp coating. Further, during a three- 
point bending test, how HAp-coated metallic substrate will behave under 
the controlled prefixed stress level has been discussed. The behavior of crack 
front propagation during the three-point bending test has also been shown 
in this chapter. 

In Chapter 7, the local mechanical properties like nanohardness. Young's 
modulus, and fracture toughness of HAp coatings will be discussed because 
these properties govern the contact-induced deformation resistance and 
stress transfer issues in actual load-bearing applications. The evaluations of 
nanohardness and Young's modulus by the advanced measurement tech- 
nique, i.e., nanoindentation applied to HAp coatings, shall be elaborated. 
Further, the issue of statistical reliability of the experimental data on nano- 
hardness and Young's modulus measured by the nanoindentation technique 
applied to the highly porous and heterogeneous MIPS-HAp coatings shall 
be critically examined in Chapter 7. 
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Micro/Nanomechanical Properties 
of Hydroxyapatite Coating 



7.1 Introduction 

In Chapter 6 we discussed the bulk or macromechanical properties of 
HAp-based coatings. Now, beside its bonding strength, shear strength, and 
fatigue behavior, it is also important to know the behavior of HAp-based 
coatings at microstructural length scale because any failure or disintegra- 
tion of material would primarily initiate at its microstructural length scale. 
Further, if we look into the actual application of HAp coatings, they would 
face mainly surface contacts rather than bulk contacts. In other words, for 
such bioapplication, surface contacts is expected to play a role more domi- 
nant than that of the bulk contacts. Further, nanoindentation is one of the 
potential tools to evaluate mechanical behavior at the microstructural length 
scale. Therefore, in this chapter, more importance has been given to under- 
standing the nanoindentation process and how it is useful for measuring 
nanomechanical properties like nanohardness and elastic modulus of HAp 
coatings. Moreover, it will be shown that prior to the present effort by the 
author and coworkers, the work reported on especially the micro/nano-level 
characterizations of the surface mechanical properties for HAp and HAp 
composite coatings is far from significant, presumably because of the dif- 
ficulties associated with the evaluation of the aforesaid properties for an 
extremely heterogeneous microstructure, such as that of the plasma sprayed 
HAp coatings. It is also a matter of big concern for prosthetic applications 
of the HAp coatings that the coating lifetime may be and indeed is often 
limited by premature failure due to contact or local delamination-induced 
fracture. That is why evaluation and investigation of mechanical properties 
at the local microstructural length scale of HAp-based coatings is so impor- 
tant and pertinent for further development of this biomaterial of tremendous 
scientific and technological importance. We start our journey by presenting 
next the basic theory of nanoindentation. 
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FIGURE 7.1 



Schematic of typical load vs. depth of penetration (P-h) plot showing various parameters. 



7.2 Basic Theory of Nanoindentation 

During the nanoindentation, the high-resolution instrument continuously 
monitors the load, P, and depth of penetration, h, of an indenter, which in 
the present investigation was a Berkovich tip. These data are utilized to 
get the load vs. depth of penetration (P-h) data plot, schematically shown 
in Figure 7.1. The important physical quantities obtained from the load vs. 
depth of penetration plot are the peak load, P max , maximum penetration 
depth, h max , final penetration depth, h f , and contact stiffness, S. 

According to the Oliver-Pharr (O-P) model [1], which is the most com- 
monly used method to obtain the hardness and Young's modulus of a mate- 
rial by instrumented nanoindentation, the nanohardness ( H ) is expressed as 



where P max is the maximum applied load and A cr is the real contact area 
between the indenter and the material. According to Oliver and Pharr, the 
polynomial form of A cr can be expressed as [1] 



where C, to C 8 are constants to be determined by standard calibration method 
and h, is the penetration depth determined from the following expression [2]: 




(7.1) 
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K = h max - K(P max /S) (7.3) 

where k = 0.75 for a Berkovich indenter [3, 4]. 

Again, the contact stiffness (S), which is the slope of the first —1/3 linear 
part recorded during the unloading cycle of the load vs. depth of penetration 
plot, can be expressed as [4] 

S = (dP/dh) h=hmax = aC A E,Mcr (7-4) 

where a = 1.034 and C A - 2 / V n for a Berkovich indenter [4], and £,. is the 
reduced Young's modulus. Following the O-P model, £,. can be expressed 
as [1] 



1/E, = (1 - v ; 2 )/E; + (1 - v, 2 )/E s (7.5) 

where E and v are the Young's modulus and Poisson's ratio, respectively, 
and subscripts i and s denote the indenter and sample, respectively. For the 
Berkovich diamond indenter used in the present work, the values of E, and v, 
are taken as 1140 GPa and 0.07, respectively, following [4]. Flowever, accord- 
ing to Oliver and Pharr, the unloading curve simply obeys the following 
power law [2]: 



P = a(h- hf) m (7.6) 

where a and m are empirical constants that can be determined by fitting 
the experimentally measured data from the load vs. depth of penetration 
data plot to Equation (7.6). Thus, the contact stiffness can also be determined 
using the following expression [2]: 

S = (dP/dh) h = hmax = am ( h - (7.7) 

Therefore, substituting the values of S, a, C A , and A cr in Equation (7.5), the 
value of the reduced modulus E r was calculated. The Young's modulus value 
of the sample, E s , can then easily be obtained from Equation (7.5), using 
the known values of £, and E r 



7.3 Hardness 

What is meant by hardness? Classically speaking, hardness is nothing but 
the surface resistance of any material to deform plastically. Now in the case 
of HAp coatings, higher hardness will ensure higher lifetime, particularly 
when there is a presence of micro-motion [5, 6], and cement-less fixation [6], 
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where surface contact is a major factor, which is ultimately controlling the 
coating's long-term stability. For such biomedical applications, characteriza- 
tion of hardness at the microstructural level and examination of its anisot- 
ropy, if any, become issues of crucial importance because it is at this level 
that the relevant governing factors are decided. In addition, the anisotropy 
in hardness, if any, would also have very important implications in terms of 
the possible competition between compressive strain sharing in the plan and 
cross sections of such coatings, and thereby the possible extent of stress shar- 
ing between the coating and the metallic implant during the actual in-service 
applications. Such information will therefore also provide useful database 
and scientific understanding for the biomedical engineering community in 
terms of the development of the fail-safe design of bioactive FIAp-coated 
metallic implants for various kinds of bone damage repairing applications. 

7.3.1 What Does the Literature Say about Hardness? 

A critical survey of existing knowledge base points out that in spite of 
the wealth of literature for hardness of FIAp or FIAp composite coatings 
(Table 7.1) [7-23], there has not been much of a systematic study on the nano- 
hardness values or hardness ( H ) at the local microstructural level of FIAp or 
FIAp composite coatings on metallic substrates measured by the nanoinden- 
tation technique. 

In the case of magnetron sputtered ultra-thin (-350-650 nm) films of FIAp 
[9, 10] on Ti and Si substrates, nanohardness ( H ) data were a strongly sensi- 
tive function of film thickness and the type of substrate. The nanohardness 
of 6. 5-8. 5 GPa were reported across the depth range of 5-225 nm. Further, 
the FIAp coatings on Ti/Si composites exhibited that nanohardness (FI) could 
vary from about 10 to 4 GPa as the depth of penetration was increased from 
about 5 nm to 225 nm. This information implies that there can be a very strong 
indentation size effect present at the very small depth of the FIAp coatings. 

For the high-velocity oxy fuel (FIVOF) sprayed FIAp coatings on the 
Ti-6A1-4V substrates [11], the nanohardness data measured at the coating 
side were reported to be much higher than those evaluated at the coating- 
substrate interface. In a sharp contrast to this scenario, simply the oppo- 
site trend was reported for Nd-YAG laser-deposited FIAp coatings on Ti 
substrates [12, 13]. 

The comparison of the data reported in [11-13] highlights the fact that the 
key factors that control the nanohardness data evaluated on the HAp coat- 
ings and at the interfaces between the FIAp coatings and the respective sub- 
strates are yet to be fully understood. 

Even for laser-deposited FIAp coatings on Ti substrates, the nanohardness 
data varied to a large extent [12-14]. It was claimed that the nanohardness of 
the FIAp-carbon nanotube (CNT) (5-20 vol%) composite was about 30% 
higher than that of the FIAp matrix material [13]. Flame sprayed FIAp coating 



Micro/Nanomechanical Properties of Hydroxyapatite Coating 



137 



TABLE 7.1 



Literature Status on Hardness of Pure HAp or HAp Composite Coating 



Coating/Substrate: 
Processing Route 


Surface of the Coating 
Studied: Technique 
of the Indentation 


H (GPa) 


Ref. 


HAp/Ti-6Al-4V: MAPS 


CS: Knoop microindentation 


250-100 (H k ) 


[7] 


HAp/Ti-6Al-4V: MAPS 


PS: Vicker's 
microindentation 


43-2.7 


[8] 


HAp/Ti and HAp/Si: MS 


PS: Berkovich 
nanoindentation 


8.5-6.5 


[9] 


HAp/Ti and HAp/Ti-Si: MS 


PS: Berkovich 
nanoindentation 


10-4 


[10] 


HAp/Ti-6Al-4V: HVOF 


CS: Nanoindentation 


5.22-4.21 


[11] 


HAp/Ti: LD 


CS: Vicker's 
nanoindentation 


9-7 


[12] 


HAp-CNT /Ti-6A1-4V: LD 


— : Berkovich 
nanoindentation 


13.34-9.35 


[13] 


HAp/Ti and HAp/Si: LD 


— : Nanoindentation 


0.4-2.3 


[14] 


HAp/Ti: FS 


PS: Berkovich 
nanoindentation 


7 


[15] 


HAp /Ti-6A1-4V: MAPS 


CS: Vicker's 
microindentation 


380-300 (H„) 


[16] 


HAp /Ti-6A1-4V: MAPS 


CS: Knoop microindentation 


310-210 (H k ) 


[17] 


H Ap-YSZ / Ti-6 Al-4 V : MAPS 


— : Vicker's 
microindentation 


450-350 (H„) 


[18] 


HAp /Ti-6A1-4V and 
HAp-Ti-6Al-4V/Ti-6Al-4V: MAPS 


CS: Vicker's 
microindentation 


4.4-3. 1 


[19] 


HAp/Ti: FS 


CS: Berkovich 
nanoindentation 


8^.5 


[20] 


HAp/SS316L: MIPS 


PS: Berkovich 
nanoindentation 
CS: Berkovich 
nanoindentation 


6-2.5 

5-1.5 


[21-23] 



Note: CS = cross section, PS = plan section, MAPS = macroplasma spraying technique, MIPS = 
microplasma spraying technique, MS = magnetron sputtering technique, HVOF = high- 
velocity oxy fuel spraying technique, LD = laser-assisted deposition technique, FS = 
flame spraying technique, H„ = Vicker's hardness number,H t = Knoop hardness number. 



on the Ti substrate showed a great variation of nanohardness (-8-4.5 GPa) 
measured on both plan and cross sections [15, 20]. 

However, the basic reasons that contribute to such spectacular varia- 
tions in nanohardness data of such HAp coatings, as mentioned herein, are 
yet to be fully understood, and thereby deserve thorough attention of the 
research community 

The composite coating of MAPS 50 vol% HAp/50 vol% Ti-6A1-4V on 
Ti-6A1-4V substrates showed a Vicker's hardness (H.) of -380 in the 
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as-deposited condition. But it severely degraded, e.g., by about 20% to H v 
of -300, when as the deposited coating was immersed in simulated body 
fluid (SBF) up to 8 weeks [16]. On the other hand, it has been reported 
that the MAPS-HAp-YSZ/Ti-6Al-4V composite coatings showed H v of 
390-450 Kg.mnr 2 when the as-deposited coatings were post-heat treated at 
600-700°C for 3-12 h [18]. 

It is interesting to note that in the case of HVOF-HAp coatings of 100 pm 
thickness on Ti-6A1-4V substrates, nanoindentation experiments conducted 
at a constant load of 30 mN on the polished cross section gave an H value 
of -5.22-4.21 GPa as one moved away from the coating side to the coating- 
substrate interface [11, 19]. These data suggested that the nanohardness was 
higher on the coating side than at the site of the coating-substrate interface. 

Flowever, the opposite trend was reported [12] for FIAp coating prepared by 
laser surface engineering (Nd-YAG Laser) on Ti. These workers reported the 
nanohardness data evaluated at 500 pN load with a Vicker's diamond pyra- 
midal indenter on the coating cross section [12]. The experiments were con- 
ducted at a loading rate of 50 pN.s It was reported that the coating had a 
nanohardness of 7 GPa, which was enhanced by about 30% to -9 GPa at the 
site of the coating-substrate interface. 

The microindentation technique was also utilized to evaluate hardness of 
MAPS-FIAp [7, 8, 17, 18, 19] and MAPS-HAp composite [18, 19] coatings on 
Ti-6A1-4V substrates. The reported magnitudes of hardness had large varia- 
tions, depending on the method of measurement adopted, e.g., a Vicker's [16] 
or a Knoop [7, 17] indentation. 

The data given in Table 7.1 showed that most researchers (-60%) used the 
nanoindentation technique, while others (-40%) used the microindentation 
technique. Barring a few [20], the reported nanoindentation data were not 
systematic in terms of the study of load dependencies. Out of the 15 research 
publications, 47 and 33% measurements were on cross and plan sections, 
respectively, while three reports [13, 14, 18] were ambiguous about the loca- 
tions where the measurements had been done. 

From all the information presented above, it becomes apparent that in spite 
of the wealth of literature data, a general framework of understanding about 
the relative influences of several associated factors, e.g., microstructure, 
method of preparation, method and location of measurement in the coating, 
film thickness, relative depth of indentation, etc., on the hardness of FIAp 
coatings is yet to emerge. 



7.3.2 Nanohardness of MIPS-HAp Coatings 

Recently, the nanohardness of MIPS-FIAp coatings was evaluated by the 
present author and coworkers [21-23]. The inherent characteristic statistical 
variability of the data was treated through the application of Weibull statis- 
tics. The choice of such an unconventional approach is justified by the fact 
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that characteristically the coating had a highly porous and heterogeneous 
microstructure. This aspect will be discussed in detail later. 

They [21, 22] found that at a low load of 10 mN, the coating showed a nano- 
hardness value of ~5 GPa at a depth of about 170 nm, which dropped by 60%, 
e.g., ~2 GPa, at a depth of about 3000 nm for a higher load of 1000 mN. These 
data [21, 22] suggested the presence of a strong indentation size effect (ISE) in 
the nanohardness behavior of the coatings. Based on the experimental data 
and the scanning electron microscopy observations, it has been suggested by 
them [21, 22] that the extent of interaction of the indenter with average size 
defects across the depth of a MIPS-HAp coating could be responsible for the 
observed ISE [21, 22]. 

Further, at comparable loads, the nanohardness data of the MIPS-HAp 
coating measured on the cross section were usually higher than those mea- 
sured on the plan section of the coating [21-23], thereby showing a character- 
istic anisotropy. As revealed by electron microscopy images and evaluation 
of the volume percent open porosity obtained from image analysis of the 
heterogeneous microstructure, this anisotropy in nanohardness was linked 
[23] to the presence of larger volume percentage of the open porosity, as well 
as the higher spatial density of planar defects, pores, and cracks in the plan 
section than in the cross section. 



7.4 Young's Modulus 

For prosthetic application of HAp-coated metallic implants, the Young's mod- 
ulus (E) is the most important mechanical property because it provides the 
basis for the extent of strain sharing between the coating and the substrate. 
If anisotropy is present in Young's modulus of HAp coating, the amount 
of strain sharing will vary in different directions. Such a situation will cer- 
tainly affect the mechanical integrity of the coating with respect to the direc- 
tion of load application. Therefore, it is important to examine the presence or 
absence of anisotropy in Young's modulus of a given HAp coating. 

7.4.1 What Does the Literature Say about Young's Modulus? 

A critical survey of the relevant literature data (Table 7.2) indicates that in 
spite of the wealth of literature on the Young's modulus of HAp or HAp com- 
posite coatings [7-27], there has not been much of a systematic study on the 
evaluation of the Young's modulus at the scale of the local microstructural 
length scale level of HAp or HAp composite coatings deposited on metallic 
substrates and measured by the nanoindentation technique. 

In the case of the magnetron sputtered HAp [9, 10] thin (-650 nm) films 
on Ti and Si substrates, the nanoindentation experiments conducted with 
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TABLE 7.2 



Literature Status on Young's Modulus of Pure HAp or HAp Composite Coatings 



Coating/Substrate: 
Processing Route 


Surface of the Coating 
Studied: Technique 
of the Indentation 


E (GPa) 


Reference 


HAp/Ti-6Al-4V: MAPS 


CS: Knoop microindentation 


52-12 


[7] 


HAp/Ti: MS 
HAp/Si: MS 


PS: Berkovich nanoindentation 


150-100 


[9] 


HAp/Ti: MS 
HAp/Ti-Si: MS 


PS: Berkovich nanoindentation 


150-70 


[10] 


HAp/Ti-6Al-4V: HVOF 


CS: Nanoindentation 


123-84 


[11] 


HAp/Ti: LD (Nd-YAG) 


CS: Vicker's nanoindentation 


160-80 


[12] 


HAp-CNT /Ti-6A1-4V: LD 
(Nd-YAG) 


— : Berkovich nanoindentation 


190-157 


[13] 


HAp/Ti: ArF-PLD 
HAp/Si: ArF-PLD 


— : Nanoindentation 


127-68 


[14] 


HAp/Ti: FS 


PS: Berkovich nanoindentation 


100 


[15, 20] 


HAp/Ti-6Al-4V: MAPS 


CS: Knoop microindentation 


37-47 


[16] 


HAp/Ti-6Al-4V: MAPS 


CS: Knoop microindentation 


23-27 


[17] 


HAp-YSZ/Ti-6Al-4V: MAPS 


— : Knoop microindentation 


65-50 


[18] 


HAp/Ti-6Al-4V: MAPS 
HAp-Ti-6Al-4V/Ti-6Al-4V: MAPS 


PS, CS: Knoop microindentation 


(8-25)-E ps 

(26-37)-£ cs 


[19] 


HAp/SS316L: MIPS 


PS: Berkovich nanoindentation 
CS: Berkovich nanoindentation 


100-58 


[21, 22] 


HAp/Ti-6Al-4V: MAPS 


CS: Berkovich nanoindentation 


120-80 


[24, 25] 


HAp/Ti-6Al-4V: HVOF 
HAp-Ti / Ti-6 A1-4V: HVOF 


CS: Vicker's microindentation 


77-32 


[26] 


HAp/Ti-6Al-4V: SG 
Fluoridated HAp/Ti-6Al-4V: SG 


CS: Berkovich nanoindentation 


47-74 


[27] 



Note: CS = cross section, PS = plan section, MAPS = macroplasma spraying technique, MIPS = 
microplasma spraying technique, MS = magnetron sputtering technique, HVOF = high- 
velocity oxy fuel spraying technique, LD = laser-assisted deposition technique, PLD = 
pulse laser deposition technique, FS = flame spraying technique, SG = sol-gel technique. 



a Berkovich indenter gave a Young's modulus of about 100 GPa at a depth 
of about 5 nm on the plan section, but the Young's modulus increased by 
about 50% when the depth of penetration was increased to about 225 nm [9]. 
Further, it was reported that the HAp thin (-350-650 nm) films on Ti and Ti- 
Si composite substrates showed that Young's modulus was -70-150 GPa [10]. 

This result suggested possibly that the measured value of Young's modu- 
lus could be sensitive to film thickness and also the type of substrate utilized 
for film deposition. These data also possibly highlight the need to do further 
work on how the measured values of the Young's modulus would be affected 
by the thickness of the deposited films and the chemical compositions of 
the substrates. 
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In the case of high-velocity oxy fuel (HVOF) sprayed [11, 26] HAp and 
HAp-Ti composite coatings on Ti-6A1-4V substrates, the Young's modulus 
measured by the Vicker's microindentation technique [26] on the cross sec- 
tion of the coating was reported to be -77-32 GPa. However, Young's mod- 
ulus measurement by the nanoindentation technique at a constant load of 
30 mN on the cross section gave a much higher Young's modulus value of 
123-84 GPa as one moved away from the coating side to the coating-substrate 
interface [11]. 

This information would strongly reiterate the fact that the Young's modu- 
lus values could be sensitive to the method of measurement and the location, 
e.g., at the coating or at the coating-substrate interface, where the measure- 
ments are made. It also suggests that the Young's modulus of the HAp coat- 
ings may be higher at the coating side than at the coating-substrate interface 
site, where it can register a substantially lower magnitude [11]. It also frames 
another query: What is the reason behind the drop in the magnitude of the 
Young's modulus at the coating-substrate interface? 

In sharp contrast to these observations, the opposite nature was reported 
for HAp coating deposited by the Nd-YAG laser deposition technique [12, 13] 
on Ti substrates. In this particular case, the Young's modulus was mea- 
sured by the nanoindentation technique with a Vicker's diamond pyramidal 
indenter under 500 pN load applied on the coating cross section [12]. It has 
been reported by these workers [12] that the Young's modulus was about 
80 GPa on the coating side, but it increased by almost 100% to about 160 GPa 
at the coating-substrate interface. This information clearly demonstrated that 
the modulus could increase by as much as 100% as one moved away from the 
coating side to the coating-substrate interface. 

On the other hand, the pulsed laser-deposited HAp coatings on the Ti 
and Si substrates showed a Young's modulus of -127-68 GPa when measured 
by the nanoindentation technique [14]. A comparison of the results reported 
in [12-14] would possibly indicate that even for a given technique of film 
deposition (e.g., laser-induced deposition), a given substrate (e.g., Ti), and a 
given measurement technique (e.g., nanoindentation), the measured values 
of Young's modulus could vary to a considerably large extent. There is appar- 
ently no explanation available in literature for such a wide scatter in the data 
of the same property measured by a similar technique applied to HAp coat- 
ings deposited in similar synthesis processes on a given type of metallic 
(e.g., Ti) substrates. 

The underlying scientific reasons that can cause such a wide variation 
of the Young's modulus data are therefore an issue that definitely deserves 
much more attention for future development of the HAp coatings for bio- 
medical implant applications. 

Attempts have also been made to increase the Young's modulus of HAp 
coating by reinforcing with CNT. For a HAp matrix reinforced with 5, 10, 
and 20 vol% of CNT [13], the Young's modulus was reported to be as high 
as -160-190 GPa when measured by the nanoindentation technique with a 
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Berkovich indenter. It was claimed that the Young's modulus of the compos- 
ite was about 2-17% higher than that of the HAp matrix material. It was very 
interesting to note that this report [13] has, until now, remained the singular 
yet a very important attempt to apply the CNTs for improving the nano- 
mechanical properties of the HAp coatings. 

In this connection, it will be very pertinent to identify the fact that from 
the survey of existing literature data, as discussed in the present work, it 
emerges as a very important point of focus in future research that a lot of work 
needs to be done to examine the relative efficacies of the new carbon materi- 
als as the reinforcing agents that can substantially improve the mechanical 
properties of the HAp coatings. The examples of such new carbon materials 
may include single-wall carbon nanotube (SWCNT), multiwall carbon nano- 
tube (MWCNT), nanocarbon powders, nanosize carbon/graphite flakes, 
diamond-like carbons (DLCs), micron-size and nanosize carbon fibers, gra- 
phene sheets or grapheme oxides, etc., especially for the load, as well as 
friction-bearing prosthetic applications, since many of these new carbon 
materials are already proven to be nicely biocompatible. At present, the situ- 
ation is so poor that even the very preliminary database does not yet exist. 

In the case of flame sprayed HAp coating on Ti substrate. Young's modulus 
of 100 GPa was measured on the plan section of the coating by the nanoin- 
dentation technique with a Berkovich indenter [15, 20]. However, a compar- 
atively much lower Young's modulus of -47-74 GPa was measured by the 
nanoindentation technique with a Berkovich indenter for the cross sections 
of sol-gel-derived HAp and fluoridated-HAp coatings [27]. 

A comparison of the results reported in [15, 20, 21] would suggest, again, 
that even for a given technique, e.g., nanoindentation, and a given indenter, 
e.g., the Berkovich indenter, the Young's modulus of HAp coatings could be 
a sensitive function of the preparation technique employed and the resultant 
microstructure produced. What is not yet known is what factors can effec- 
tively contribute to such situations. Such issues therefore again assume a 
very pertinent and important role in future research on the HAp coatings as 
a bioactive ceramic material. 

On the other hand, the Young's modulus measured at a constant load of 
3 mN by the nanoindentation technique on the cross section of MAPS-HAp 
coating on Ti-6A1-4V substrate showed magnitudes of 120 GPa in the crys- 
talline zone and only about 80 GPa in the amorphous zone [24, 25]. This 
information again suggested that the magnitude of Young's modulus was 
sensitive to the location of data evaluation, as was also noted earlier. 

However, the cross section of MAPS-HAp coatings deposited on the 
Ti-6A1-4V substrates showed much lower Young's moduli values of 
-52-12 GPa [7], 47-37 GPa [16], and 27-23 GPa [17] when measured using the 
microindentation technique with a Knoop indenter. Similarly, the MAPS- 
HAp and functionally graded HAp-Ti-6Al-4V composite coatings showed 
the Young's moduli of -8-25 GPa and -26-37 GPa for both plan and cross 
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sections, respectively [19], when measured by the microindentation tech- 
nique using a Knoop indenter. 

A comparison of the results reported for MAPS-HAp coatings in [7, 16, 17, 
19, 24, 25] again further emphasizes that even for a given type of coating, e.g., 
MAPS-HAp on a given substrate, e.g., Ti-6A1-4V, depending on the method 
of measurement, the magnitude of Young's modulus may vary to a very sig- 
nificant extent. In addition, it should be mentioned that when measured by 
a technique similar to that in [19], a comparatively higher Young's modulus 
of -65-50 GPa was again reported for the macroplasma sprayed composite 
coatings of HAp and yittria-stabilized zirconia [18]. 

Of the reported data in the literature (Table 7.2), about 65% used the 
nanoindentation technique, while the other 35% used the microindentation 
technique, thereby suggesting that the emerging nanoindentation technique 
is a viable and important method for the measurement of Young's modu- 
lus in HAp and HAp composite coatings. Most of the reported data were 
not systematic in terms of load dependence study, barring a few, e.g., [20]. 
Further, out of the 17 reported results, 59% of the experiments were con- 
ducted on the cross section and only about 29% were conducted on the plan 
section, while three reports [13, 14, 18] did not clearly mention unequivocally 
whether the measurement was done on the plan section or on the cross sec- 
tion of the HAp or the HAp composite coating. 

Further, the Young's modulus was reported to be sensitive to several fac- 
tors. These include the relative depth of indentation with respect to film 
thickness, e.g., the presence or absence of a substrate mechanical property 
effect on the measured value [28], and also the type of substrate utilized for 
film deposition [9, 10], the method and the location of measurement, e.g., the 
crystalline zone or the amorphous zone [24, 25], at the coating, evaluating 
along the cross section from the coating side toward the coating-substrate 
interface [11, 19, 20, 26] or from the coating-substrate interface side toward the 
coating side [12-14], the presence or absence of a reinforcing phase [12, 18], 
the preparation technique employed, e.g., sol-gel or flame sprayed for the 
coating, the resultant microstructures produced and porosity [15, 20, 27], etc. 

Even for the similar laser-deposited HAp coatings on Ti substrate. Young's 
modulus measured by the nanoindentation technique varied to a large extent 
[12-14], Similarly, depending on the method of measurement for MAPS-HAp 
coatings on Ti-6A1-4V substrate, there was large variation in the Young's 
moduli data [7, 16, 17, 19, 24, 25]. The real scientific reasons that give rise to 
such large variations in the Young's modulus are yet to be understood, and 
therefore should be considered a major issue for further research to develop 
better HAp coatings for future application. 

Thus, in spite of the numerous data reported in literature, a focused analy- 
sis of the elastic behavior of the HAp coatings is still missing. It appears 
that from the multitude of data reported in literature, a general structure of 
understanding about the relative influences of several associated factors, e.g., 
microstructure, method of preparation, porosity, method of deposition and 
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location of measurement, residual stress, coating or film thickness, relative 
depth of indentation, and the influence of a substrate's mechanical proper- 
ties, on the Young's modulus of HAp coatings is yet to come into sight. 



7.4.2 Young's Modulus of MIPS-HAp Coatings 

The range of Young's moduli data were reported to be about 100 to 60 GPa 
at a wide range of indentation load, i.e., 10 to 1000 mN loads for the MIPS- 
HAp coatings developed by Dey and coworkers [21, 22]. Although a direct 
comparison of the data of present work with literature data was not pos- 
sible because the processing method and measurement methods were not 
all identical, it may still be mentioned that the data of the present work com- 
pared favorably with literature data (Table 7.2). 

However, the data reported [12] for a laser-deposited HAp coating was 
slightly higher than those measured in the work reported by Dey et al. for 
MIPS-HAp coatings [21, 22]. We know that the Young's modulus value of 
sintered bulk HAp is reported as 125 GPa [29]. However, the average Young's 
modulus of the MIPS-HAp coatings was measured [21, 22] to be 80 GPa, 
which is in fact much lower than that of the bulk sintered HAp material. This 
was due to the fact that the coating had a high porosity of about 18-20 vol%. 

Work done on plasma sprayed ceramic thermal barrier coatings has 
already established that volumetric and planner defects could cause sig- 
nificant reduction of Young's modulus values [30, 31]. The dependence of 
Young's modulus (£) on vol% porosity (p) is expressed as [32] 

E = E 0 exp (-bp) (7.8) 

where b is a constant (~2.5), and E 0 is the Young's modulus for a material 
with zero porosity, i.e., of theoretical density. Assuming E 0 = 125 GPa [29], for 
a HAp coating with 18 vol% porosity, the predicted Young's modulus value 
was ~76 GPa, which matched quite well with the load-averaged Young's 
modulus data of 80 GPa, as mentioned above. 



7.5 Effect of SBF Immersion 

The HAp coatings prepared on Ti-6A1-4V and Ti-13Nb-llZr alloys by the 
biomimetic route showed the hardness values of H v ~ 48.5-47 and ~ 54-58, 
respectively, as the coated sample was exposed in vitro for 4-12 weeks in 
SBF solution [28]. The experiments were conducted on the plan sections, i.e., 
on the top surfaces of the coatings, by an automated Vicker's microhardness 
tester at a load of 0.05 kgf with 200 pm as the maximum depth of penetration. 
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FIGURE 7.2 

P-h plots of the MIPS-HAp coating after immersion in the SBF solution. 

7.5.1 Effect of SBF Immersion for MIPS-HAp Coatings 

The present authors have studied both nanohardness and elastic modulus 
of MIPS-HAp coatings following immersion in SBF. The nanohardness of 
the as-sprayed MIPS-HAp coating decreased from ~4.5 GPa to ~3 GPa after 
1 day immersion in the SBF solution [33]. This occurred as the dissolution 
process was dominant after just 1 day of immersion. It was further reported 
[33] that after 1 day of immersion in the SBF solution, the nanohardness again 
increased to ~3.5 GPa. This happened as the apatite layer deposition process 
was dominant during the subsequent 4 to 7 days of immersion in the SBF 
solution. Typical load-depth plots of the MIPS-HAp coating after SBF immer- 
sion are shown in Figure 7.2 for 1 and 4 days, respectively. Multiple "pop-ins" 
shown in the load-depth (P-h) plot (Figure 7.2) for 4 days of immersion in 
SBF had occurred due to the evolution of the nanoporous apatite structure 
formation. However, the nanohardness after 14 days of immersion decreased 
only marginally, if at all, in comparison to the nanohardness measured at 
4 and 7 days of immersion in the SBF solution. The elastic modulus data as a 
function of immersion time also followed a trend (e.g., from -100 to -60 GPa) 
similar to what was observed in the nanohardness data [33]. 



7.6 Reliability Issues in Nanoindentation Data 

Several researchers, including the present authors [21-23, 33], performed 
numerous indentation arrays at each load at various locations of PS-HAp 
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coatings chosen without any bias, as the nature of the coating was porous 
and heterogeneous. In general, the scatter in data was very high for the 
plasma sprayed coatings, presumably due to the highly heterogeneous and 
porous microstructure of the coatings. 

The complex microstructure of the present coating consisted of micropores, 
macropores, intersplat and intrasplat cracks, and other unavoidable defect 
features, as depicted earlier in Chapter 4. This characteristic heterogeneity 
of the microstructure is reflected in the characteristic scatter present in the 
experimentally measured data on nanohardness and Young's modulus. To 
treat this scatter, a two-parameter Weibull distribution function was utilized 
and the corresponding characteristic values in each case were evaluated to 
obtain suitable results for structural designing purposes. Before proceed- 
ing further, it thus becomes imperative to provide just the basic idea of the 
Weibull distribution function in the subsection that follows. 

7.6.1 Weibull Distribution Function 

The Weibull distribution function provides the probability, p, for a given 
parameter, x, as 



p = 1 - exp [~(x/x 0 ) m ] (7.9) 

where x 0 is a scale parameter whose probability of occurrence is 63.2%, and 
m is known as the Weibull modulus, m is a dimensionless quantity and indi- 
cates the degree of spread or scatter in the experimentally measured data of 
x. A larger magnitude of m implies that the degree of scatter in the experi- 
mentally measured data is small. The opposite behavior, i.e., a small mag- 
nitude of m, signifies the degree of scatter in the experimentally measured 
data is large. Further, the survival probability of the zth observation in the 
data arranged in ascending order can be written as 

p = (i- 0 ,5)/N (7.10) 

where N is the total number of observations. Although, in some literature, 
the formula for the probability estimator p was found to be different, here 
we have employed the most extensively used expression. Taking In for two 
times both the sides and simplifying. Equation (7.10) can be expressed as 

ln[ln {1/(1 - p)}] = m[ln(x) - ln(x 0 )] (7.11) 

The values of m and x„ can be obtained by fitting (least-squares regression) 
the experimental data to Equation (7.11). The slope of the straight line will 
provide the value of m, and the intercept on the Y axis will give the value of 
x 0 . Finally, by setting the value of ln[ln {1/(1 - p)}] equal to zero and placing the 
value of m in Equation (7.11), we can easily compute the characteristic value 
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(x 0 ) of the related parameter, x. The characteristic values (x 0 ) are of immense 
engineering importance, as they provide the designer with a unique and 
dependable value of the required parameter. In the present work described 
here, x is nanohardness and Young's modulus. The corresponding character- 
istic values are known as H char and E char 



7.6.2 Weibull Modulus of Nanohardness and Young's Modulus 
of MIPS-HAp Coating 

The Weibull distribution fittings for the nanohardness data of the MIPS- 
HAp coatings are displayed for the low (10-100 mN) loads in Figure 7.3a and 
for the high (300-1000 mN) loads in Figure 7.3b. Similarly, the Weibull distri- 
bution fittings for the Young's modulus of the coating, as determined by the 
nanoindentation experiment, are displayed for the low (10-100 mN) loads in 
Figure 7.3c and for the high (300-1000 mN) loads in Figure 7.3d. The m val- 
ues of the nanohardness data varied in the range 2-8. The m value increased 
steadily beyond 100 mN, with the load value close to 8 at a higher load of 
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FIGURE 7.3 (See color insert.) 

Weibull distribution plots of nanohardness at (a) low (10-100 mN) and (b) high (300-1000 mN) 
loads. Weibull distribution plots of Young's modulus at (c) low (10-100 mN) and (d) high (300- 
1000 mN) loads. 
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FIGURE 7.4 (See color insert.) 

Weibull modulus of (a) nanohardness and (b) Young's modulus as a function of load of the 
MIPS-HAp coatings, (c) Model of indenter-MIPS-HAp coating interaction. (Reprinted/modified 
from Dey et al., Ceramics International, 35: 2295-2304, 2009. With permission from Elsevier. 
Reprinted/modified from Dey et al.. Journal of Materials Science, 44: 4911-4918, 2009. With per- 
mission from Springer.) 

1000 mN (Figure 7.4a). A similar trend was exhibited by the m values of the 
Young's modulus data (Figure 7.4b). 

Flere we propose an explanation for such observation. The physical picture 
of the aforesaid phenomenon is schematically shown in Figure 7.4c, and it is 
proposed [21, 22] to be linked to the length scale of interaction phenomena 
between the penetrating nanoindenter and the characteristic microstruc- 
tural scale flaws and defects of the MIPS-FIAp coating. 

The situation is like this that when the magnitude of the applied load is 
in the lower side (e.g., P < 300 mN), the nanoindentation size scaled with the 
size of microstructural defects, which is drawn schematically in Figure 7.4c 
(upper part), and it may negotiate many intersplat boundaries (i.e., the typical 
weak and defect-populated zones in the microstructure). This circumstance 
perhaps produces a high degree of interaction, which finally caused a rela- 
tively higher degree of scatter in both nanohardness and Young's modulus 
data. This picture corroborates well with the relatively lower m value, as had 
been indeed observed in the experimental data of the present authors [21, 
22], Flowever, an opposite picture had emerged during a nanoindentation 
study conducted under a higher load regime (e.g., 300 mN < P < 1000 mN) 
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on the MIPS-HAp coatings. Here, the nanoindentation size was much larger. 
So, it covered a much larger number of splats. Consequently, indents had the 
chance to negotiate with only a small number of intersplat boundaries. This 
situation is schematically shown in the lower part of Figure 7.4c. Therefore, 
relatively less chances of the interaction between the nanoindenter and the 
characteristic microstructural scale flaws and defects are reflected in rela- 
tively lower scatter in the experimentally measured data [21, 22]. 



7.6.3 ISE in MIPS-HAp Coating 

The variations of the characteristic values of nanohardness ( H char ) and 
Young's modulus (E char ) are plotted in Figure 7.5a and b, respectively, as a 
function of load. H char decreased from about 5 to 1.5 GPa (Figure 7.5a), and 
E char decreased from about 100 to 63 GPa (Figure 7.5b), as the nanoindentation 
load was increased from 10 to 1000 mN. The nanohardness data apparently 
suggest the presence of a strong ISE, i.e., load dependency of the data. 

Nevertheless, ISE is a much more complex problem than what is reflected 
in a simplistic fashion in the data, and that is why it is preferable to term it 
as apparent ISE. What happens in apparent ISE is that along with the original 
ISE, the influence of microstructural defect (i.e., characteristic microstruc- 
tural flaws) would also be a factor toward the contribution of ISE. That's why 
Dey and his coworkers termed this an apparent ISE. The present authors 
and coworkers suggested [21, 22] that at low load, the extent of scatter in the 
nanohardness and Young's modulus data measured by nanoindentation was 
governed by the presence of very shallow surface and subsurface defects in 
the MIPS-HAp coating. However, those measured at relatively higher load 
of nanoindentation might be governed not only by the statistical distribution 
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FIGURE 7.5 

Characteristic values of (a) nanohardness {H char ) and (b) Young's modulus (E char ) as a function 
of load in MIPS-HAp coatings. (Reprinted/modified from Dey et at.. Ceramics International, 35: 
2295-2304, 2009. With permission from Elsevier. Reprinted/modified from Dey et al.. Journal of 
Materials Science, 44: 4911-4918, 2009. With permission from Springer.) 
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FIGURE 7.6 

SEM photomicrographs of the cross section of the MIPS-HAp coating at (a) xlOOO, (b) x6000, 
and (c) xl0,000 magnifications. (Reprinted/modified from Dey et al v Ceramics International, 35: 
2295-2304, 2009. With permission from Elsevier.) 

of larger pores and deeper crack-like defects, but also by differences in their 
local orientations, which might have been conducive enough to ultimately 
provide an averaging out effect, so much as to reduce the overall range of the 
scatter in the corresponding data being evaluated. 

The scanning electron microscopy (SEM)-based evidence taken from the 
coating cross section at progressively higher magnification showed [21, 22] 
that there was a gradual increase of fine micropores and microcracks, as well 
as macroscopic defects, such as large macropores and deeper cracks, as one 
traverses from the surface toward the depth of the coating. This situation is 
pictorially represented in Figure 7.6a-c, where SEM micrographs had been 
taken at progressively higher magnifications. 



7.6.4 Anisotropy in MIPS-HAp Coating 

The load-depth (P-h) plots for nanoindentation experiments conducted on 
both plan and cross sections of the coatings are shown in Figure 7.7a [23]. The 
P-h plot for the cross section of the MIPS-HAp coatings is much steeper than 
the P-h plot for the plan section. These data indicate that the higher magnitude 
of nanohardness should be at the cross section and not the plan section. It is 
indeed interesting to note that the data presented in Figure 7.7b and c reflect 
the presence of anisotropy in both nanohardness [23] and Young's modulus. 
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FIGURE 7.7 (See color insert.) 

(a) Load-depth plots from nanoindentation experiments on MIPS-HAp coating at 700 mN on 
plan section and cross section. Ratio of (b) nanohardness data of the cross section (H cs ) and plan 
section (H ) as a function of load (replotted from Dey and Mukhopadhyay, Advances in Applied 
Ceramics, 109: 346-354, 2010) and (c) Young's modulus data of the cross section ( E cs ) and Young's 
modulus data of the plan section (E ps ) as a function of load. 

At any given load, the projected area of contact was always higher on the 
plan section than on the cross section, which resulted in higher magnitudes 
of both nanohardness and modulus of cross section over those for the plan 
section. The factors that could have contributed to such anisotropy could be 
many. These may typically include, but are not necessarily limited to, the 
spraying method, spraying condition, post-treatment, porosity, processing- 
induced natural crack population, shape and size of defects, etc. It will be 
pertinent here to recall the detailed field emission scanning electron micros- 
copy (FESEM) studies presented in Chapter 4 in relation to the microstruc- 
ture and inherent anisotropy of the same in the case of MIPS-HAp coatings. 
The higher magnitudes of both nanohardness and Young's modulus of the 
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cross section, which lead to the observed anisotropy, were most likely linked 
to the presence of less porosity and microstructural defects in the cross sec- 
tion than in the plan section of MIPS-HAp coatings. 



7.7 Fracture Toughness of MIPS-HAp Coatings 

7.7.1 Why Is Fracture Toughness Important and How Is It Measured? 

For orthopedic applications, the in-service lifetime is of utmost impor- 
tance. The intrinsic resistance of a given ceramic against catastrophic crack 
propagation is called fracture toughness. As the in-service lifetime will 
be determined by the resistance of the coating against the propagation of 
a through-thickness crack, it is essential to know the fracture toughness 
behavior of such calcium phosphate- or HAp-based bioceramic coatings. 
Thus, it becomes undoubtedly most necessary to measure the plane strain 
fracture toughness ( K lc ) at the scale of the microstructure because it is at 
this particular length scale where the intrinsic crack growth resistance of the 
HAp coating will control its ultimate structural integrity. 

One of the most popular methods of toughness measurement is the inden- 
tation fracture method (IFM), where a crack is grown in a controlled manner 
on the surface of a given material. One reason for its popularity is that it 
is possibly the only method for measuring fracture toughness when a very 
small specimen volume is available for testing purposes. Now, in the IFM 
technique, either a Vicker's tip for microindentation or a Berkovich tip for 
nanoindentation is used for controlled crack growth. After that, the crack 
length should be measured using either the optical or electron microscopy 
technique. The following equation is most popularly used for calculation of 
the micro/nanoscale fracture toughness of HAp coating [34-36]: 

V 05 p 

K lc =a — ' (7.12) 

H C 15 

where P is the applied load in nanoindentation, C is the crack length mea- 
sured from the center of the nanoindent, and £ and H are the Young's modu- 
lus and nanohardness of the coating, respectively. Generally, the value of the 
constant a is taken as 0.016 [36]. However, for different indenter geometries 
there can be slight variations in the value of a. Further, the nanoindentation 
technique has been identified to be superior than the microindentation tech- 
nique because the crack length in the nanoindentation could be varied from 
a length scale less than the splat size up to a length scale that is compatible 
to the splat size in the HAp coating. Thus, the greatest advantage of this 
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TABLE 7.3 



Literature Status on Fracture Toughness of Pure HAp or HAp Composite Coatings 



Coating/Substrate 


Method 
of Coating 


Details of 
Experiment 


K lc (MPa*m li )‘ 


Reference 


HAp/Ti-6Al-4V 


MAPS 


P = 0.3-0.5 kgf 


0.63-1.14 


[7] 


HAp/Ti-6Al-4V 


MAPS 


P = 300 g 


0.94-1.14 


[19] 


HAp-Ti-6Al-4V/Ti-6Al-4V 


MAPS 


P = 300 g 


0.5-2.1 


[19] 


HAp/Ti-6Al-4V 


HVOF 


P = 0.5 N 


0.49-0.54 


[26] 


HAp-Ti0 2 /Ti-6Al-4V 


HVOF 


P = 0.5 N 


0.6-0.67 


[26] 


HAp/Ti-6Al-4V 


MAPS 


P = 100 g 


0.39 


[37] 


HAp-4 wt% CNT / Ti-6 A1-4V 


MAPS 


P = 100 g 


0.61 


[37] 


HAp/Ti-6Al-4V 


HVOF 


P = 0.5 N 


0.48 


[38] 


HAp + Ti0 2 /Ti-6A1-4V 


HVOF 


P = 0.5 N 


0.6-0.67 


[38] 


HAp-YSZ-10-50%/Ti-6Al-4V 


MAPS 


— 


0.92-1.5 


[39] 


HAp/ Ti-6 A1-4V 


MAPS 


— 


0.55 


[40] 


HAp-YSZ/Ti-6Al-4V 


MAPS 


— 


1.47-1.63 


[40] 


HAp/ Ti-6 A1-4V 


MAPS 


— 


0.55 


[41] 


HAp + YSZ/Ti-6Al-4V 


MAPS 


— 


0.84-1.09 


[41] 


HAp/ Ti-6 A1-4V 


MAPS 


— 


0.46-0.95 


[42] 


HAp-TiO z /Ti-6Al-4V 


MAPS 


— 


0.47-1.76 


[42] 


HAp + a-TCP /Ti-6A1-4V 


MAPS 


— 


1.05-1.41 


[42] 


HAp/SS316L 


MIPS 


100-1000 mN 


0.6-0.4 b 


[43] 



Note: MAPS = macroplasma spraying technique, MIPS = microplasma spraying technique, 
HVOF = high-velocity oxy fuel spraying technique, P = indentation load for the measure- 
ment of fracture toughness. 

a Fracture toughness measured by Vicker's microindentation method. 
b Fracture toughness measured by nanoindentation method. 

technique is that it can evaluate fracture toughness value at the scale of the 
local microstructure. It is, however, appreciable that if indentation experi- 
ments are performed with Vicker's microindentation, then the spatial zone of 
indentation will surely be much larger than the splat size of plasma sprayed- 
HAp coatings, and in correspondence, the crack length will be much lon- 
ger than the typical spatial extent of a splat. Since the indent size is much 
larger in microindentation, it is almost impossible to guarantee that the 
indents would be site specific and in regions populated with least defect. On 
the other hand, the most unique advantage of the nanoindentation technique 
is that it is possible to make site-specific indentations in regions where the 
coating is most dense and has the least amount of defects. A list of pertinent 
fracture toughness data is summarized in Table 7.3 [1, 26, 37-43]. 



7.7.2 Site-Specific Nanoindentation 

When we have to measure the crack lengths from the footprints of nanoinden- 
tation, we have to be very careful regarding the interaction of the crack with 
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FIGURE 7.8 

The example of site-specific indentation: SEM photomicrographs of the nanoindents on MIPS- 
HAp coatings at (a) 300 mN (marked as 1) and 700 mN (marked as 2) loads and (b) 300 mN load 
at higher magnification showing well-developed crack at three corners (marked as i, ii, and 
iii). (Reprinted/modified from Dey and Mukhopadhyay, International Journal of Applied Ceramic 
Technology, 8: 572-590, 2011. With permission from Wiley.) 

microcracks that might preexist in the microstructure. For a plasma sprayed 
coating, this situation is very common. It will be shown in the following 
discussion how site-specific indentation can be intelligently used to rule out 
the aforesaid confusion. The present authors have shown [43] how to make 
site-specific nanoindentations in the most apparently dense area of a given 
porous MIPS-HAp coating. SEM micrographs of two nanoindents made at 
300 mN (marked as i, Figure 7.8a) and 700 mN (marked as 2, Figure 7.8a) are 
shown here as a typical example. It may be noted that the nanoindent made 
at 700 mN had severe interaction with preexisting microstructural defects, 
like pores and microcracks. Such data should therefore be excluded from the 
data pool for measurement of nanoindentation crack length at this particular 
load. In contrast, there was no defect interaction in the case of the indent 
made at the lower load of 300 mN (marked as 1 in Figure 7.8a and shown at 
higher magnification in Figure 7.8b). Thus, such data can be taken as a valid 
indent for measurement of nanoindentation crack length. 



7.7.3 What Does the Literature Say? 

A critical survey of pertinent literature data, as depicted in Table 7.3 [1, 26, 
37-43], reveals that most of the K lc data (average ~ 0.5 MPa»m 05 ) reported 
are evaluated only by Vicker's microindentation across the cross section of 
dense MAPS and HVOF sprayed FIAp coatings on Ti-6A1-4V substrates. 
Considering that the bulk sintered polycrystalline FIAp shows a K lc value of 
about 0.7 to 1 MPa»m° 5 [44, 45], it is not surprising that still higher K lc values 
for even dense FIAp coatings are not so frequently reported [19]. Reported K lc 
data did not improve much even when a much finer FIAp particle size was 
used [42], and it also decreased with load [7], Further, several attempts were 
also made to enhance the fracture toughness of FIAp coatings by the incor- 
poration of a second phase, e.g., yttria-stabilized zirconia (YSZ) [42, 44, 45], 
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FIGURE 7.9 

Load-dependent fracture toughness of MIPS-HAp coating. (Reprinted from Dey and 
Mukhopadhyay, International Journal of Applied Ceramic Technology, 8: 572-590, 2011. With per- 
mission from Wiley.) 

titanium dioxide [41, 42], CNT [37], and fluorine [27], It appears from the 
review of literature (Table 7.3) that the data in literature pertain to more of a 
global K lc value, as the crack sizes generated by the loads chosen are much 
larger than the typical splat size. Moreover, systematic studies in terms of 
load variation and crack front interaction with the local splat microstructure 
were not present in the current literature of MAPS-HVOF HAp coatings. 

However, Dey and Mukhopadhyay [43] have reported fracture toughness 
data of porous MIPS-HAp coatings measured for the first time ever by the 
nanoindentation technique. They [43] showed a very slightly decreasing 
trend of K lc with load (Figure 7.9). The values of K lc indicated that, barring a 
few [7, 19, 42], the present MIPS-HAp coating had a toughness value at least 
as high and as good as those reported for the dense thermally spread pure 
HAp (i.e., except addition of second phase) coatings. However, data of still 
higher magnitude, i.e., around 1 MPa»m 0 - 5 or more, may not be a realistic 
estimation of the coating toughness alone since dense sintered pure HAp 
showed toughness values in the range of 0.7 to 1 MPa»m° 5 . 



7.7.4 Why Do MIPS-HAp Coatings Show High Toughness? 

In this context, an extensive study of the cracking behavior around the 
nanoindents has been done through scanning electron microscopy by the 
present authors [43]. SEM micrographs corresponding to Berkovich nano- 
indent footprints of MIPS-HAp coatings are shown in Figure 7.10a and b for 
low load (100 mN) and high load (1000 mN), respectively It can be seen that 
the radial cracks are well defined from near the three corners of any given 
Berkovich indent. However, sometimes the presence of micro- and macro- 
pores and micro- and macrocracks in the vicinity has a strong influence on 
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FIGURE 7.10 

SEM photomicrographs of the Berkovich nanoindent impressions on the MIPS-HAp coating 
at low and high loads, e.g., (a) 100 mN and (b) 1000 mN. (Reprinted/modified from Dey and 
Mukhopadhyay, International Journal of Applied Ceramic Technology, 8: 572-590, 2011. With per- 
mission from Wiley.) 

the cracking process around the nanoindent (Figure 7.10b). They [43] opined 
that high fracture toughness of MIPS-HAp coatings is linked with energy 
dissipation at the scale of microstructure by means of crack blunting, crack 
brunching, bifurcation, etc., and thus may contribute toward toughness 
enhancement of the MIPS-HAp coating. 

Usually, fracture toughness is induced by two varieties of mechanisms. 
The first one is intrinsic mechanisms that function ahead of the crack tip. 
This offers materials inherent resistance to microstructural damage and 
cracking. However, this aforesaid mechanism is more predominant in met- 
als (i.e., ductile materials), where it acts to increase resistance to crack ini- 
tiation. In contrast, in a brittle ceramic coating like the present MIPS-HAp 
coatings under discussion, the second type of mechanism (i.e., the extrinsic 
mechanisms) may be predominant. This type of mechanism usually acts 
through crack bridging or microcracking [46, 47], as was also experimentally 
observed (Figure 7.10b) in the present MIPS-HAp coatings [43]. 

It has been proposed [48] that such extrinsic toughening may happen 
due to the development of a frontal process zone ahead of the growing crack 
and the resulting formation of a microcracking zone in the crack wake. 
Further, the resulting dilation and reduction in modulus that occur within 
this zone, if constrained by surrounding material, can act to shield the crack 
tip, and therefore extrinsically toughen the material [48]. It has been revealed 
by the present authors [43] that MIPS-HAp showed high toughness through 
the following possible modes: 

1. Crack branching 

2. Crack blunting at micropore and macropore 

3. Crack deflection/bifurcation 

4. Localized secondary/multiple cracking 

5. Partial local delamination 
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It has been argued [43] that such energy dissipative processes, as mentioned 
above, can act on their own in a concerted manner, yet remain independent 
of each other. It is also possible to have a situation when all of the aforesaid 
processes can be simultaneously active to dissipate energy from the load- 
ing train. It is most likely then that through these processes of energy dissi- 
pation, as mentioned above, a marginally higher toughness was achieved in 
the MIPS-HAp coating. Thus, the MIPS-HAp coating developed by Dey and 
Mukhopadhyay [43] showed promising toughness behavior, and therefore 
might exhibit better reliability for in vivo application. 



7.8 Summary 

This chapter describes the different aspect of the micro/nanomechanical 
properties, like nanohardness, elastic modulus, and fracture toughness of 
HAp coatings evaluated at the local microstructural length scale. More impor- 
tance has been given to plasma sprayed HAp coatings in general, and to 
MIPS-HAp coatings in particular. The nanoindentation technique, which is 
one of the potential tools to characterize thin films and the coating's micro/ 
nanomechanical properties at the local microstructural length scale, has 
been explained in detail. The literature scenario regarding nanohardness. 
Young's modulus, and fracture toughness of HAp coatings has been explicitly 
explained. Scatter of data that had happened during the nanoindentation study 
on MIPS-HAp coatings has been discussed. Further, it has been illustrated how 
this scatter can be treated in terms of a two-parameter Weibull distribution. 
MIPS-HAp coatings contain defects, microcracks, and porosity, which finally 
affect indentation size effect. In this context, the inherent complexity of the 
indentation size effect has been explained. In addition, the huge importance 
of fracture toughness evaluation at the microstructural length scale has been 
highlighted. More stress has been put to indentation-based fracture tough- 
ness measurement in general, and nanoindentation-based fracture toughness 
measurement in particular. Finally, the scenario of microstructure-crack inter- 
action has been depicted to explain why MIPS-HAp coatings showed tough- 
ness comparatively higher than those of the HAp coatings deposited by the 
MAPS process. 

In Chapter 8, tribological properties of HAp coatings will be demonstrated 
because the intended application of such a HAp coating, especially the MIPS- 
HAp coatings, will involve a dynamic contact situation in the implanted con- 
dition. The tribological characteristics, e.g., coefficient of friction, etc., and 
microstructural evaluations following tribological studies of HAp coatings 
in general and MIPS-HAp coatings in particular will be discussed next. 
Results derived from both single-pass scratch tests and reciprocatory wear 
tests of HAp coatings will be documented in detail in Chapter 8. 
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of Hydroxyapatite Coatings 



8.1 Introduction 

In this chapter we discuss the tribological properties of the hydroxyapatite 
(HAp) coatings. The practical challenges of the biomedical application of a 
conventional dense high-power MAPS-HAp coating include (1) occlusion of 
the porous surface, (2) uncontrolled bioresorption, and (3) late delamination 
with formation of particulate debris [1-4]. The last factor is an issue of signifi- 
cant importance in the case of, e.g., hip implants, because particulate debris 
of HAp might well accelerate the polyethylene wear-induced granuloma- 
tous tissue response with an associated bone lysis [1, 5]. This last factor also 
constitutes the scope of the discussion on issues related to dynamic contact 
deformation and damage evolution in a HAp coating. It needs to be appre- 
ciated that due to repetitive loading during in vivo implantation, the HAp 
coating surfaces may often experience the micro/nanoscale wear. Classically 
speaking, this is what tribology is all about. It needs to be recalled, at the 
same time, that the discussions presented in earlier chapters show that in 
spite of having about 11-20% porosity, the MIPS-HAp coatings have bond- 
ing strength, hardness, elastic modulus, and fracture toughness higher than 
those of the MAPS-HAp coatings. Therefore, for in vivo applications, the 
study of the nanotribological characteristics of the HAp coatings in general 
and MIPS-HAp coatings in particular emerges as the most important issue. 
This is what is attempted in this chapter. 



8.2 What Does the Literature Say? 

It is really appreciable that a wealth of literature [2, 6-23] on the tribological 
characteristics of HAp or HAp composite coatings exists. A critical survey 
of the same (e.g.. Table 8.1), however, points out that there has not been much 
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TABLE 8.1 

Literature Status on Tribological Properties of HAp or HAp composite Coatings 
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38.92 g.irr 2 (HAp + CNT) 

HAp/Ti: WCD Microscratch test (constant load) P c = 13.1 N 

CaP/Ti: MS Microscratch test (ramping load) P c = 15.8-6.4 N 

HAp/Ti-6Al-4V: IBSD, IBAD Microscratch test (constant load) P c = 660 gf (IBSD) 

P c = 1050 gf (IBAD) 



HAp/SS316L: MIPS (1.5 kW), MAPS Nanoscratch test (constant load) COF = 0.15 (MIPS) [2, 19] 

(40 kW) Nanoscratch test (ramping load) COF = 0.5 (MIPS) 

Microscratch test (constant loads) COF = 0.4-0.6 (as sprayed, MIPS) 

COF = 0.3-0.4 (polished, MIPS) 

COF = 0.2-0.4 (as sprayed, MAPS) 
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of a systematic study at the micro/nanometric load range; i.e., our knowledge 
base about the mechanisms of wear processes happening at the micro- or 
submicrostructural length scale is, to date, far from comprehensive. 

Tribological properties of HAp or HAp composite coating were evaluated 
by the micro- and nanoscratch tests, as well as by the more conventional pin 
on disc technique (Table 8.1) [2, 6-23]. The coefficients of friction (COFs) of the 
FIAp coatings prepared by the LSA [6], microplasma spraying (MIPS) [2, 19], 
and macroplasma spraying (MAPS) [2] methods were reported to be in the 
range of 0. 2-0.8. Chen et al. [6] also showed a marginal improvement of the 
COF after incorporation of a CNT. Similarly, wear properties measured by 
the pin on disc method were also improved after addition of CNT as the sec- 
ond phase in FIAp coatings prepared by the MAPS technique [15]. Further, 
the fluoridated FIAp coatings showed a critical load much higher than that 
recorded for the pure FIAp coating deposited by the sol-gel technique [11]. 

Nieh et al. [21] and Zhang [12] showed that the degree of adhesion was influ- 
enced by the nature of substrate materials. Nieh et al. [21] reported that the 
FIAp-Ti interface is stronger than the FIAp-Si interface when the thin films 
of FIAp were deposited by the sputtering method on Ti and Si substrates. 

Similarly, a thick FIAp coating deposited by the MAPS method on Ti 
offered a critical load higher than that recorded for a thick FIAp coating 
deposited by the MAPS method on Al [12]. Flowever, the amounts of system- 
atic, in-depth, single-pass scratch-and-wear studies on FIAp coatings are far 
from significant. 

It is in this context that both Dey [2] and Dey and Mukhopadhyay [19] 
reported a significant amount of basic scientific studies about the tribologi- 
cal characteristics of MIPS-HAp coatings. Thus, it was demonstrated [1, 2, 19] 
that the COF greatly depends on the processing technique (MIPS vs. MAPS), 
surface roughness (as deposited vs. polished), and load regime under inves- 
tigation (nano- vs. microscratch test). The COF value of MIPS-FIAp coat- 
ing was 0.15 at 100 pN load. However, COF was increased to 0.5 at 700 mN. 
Further, an increase in load, e.g., up to 10.6 N, had no significant influence 
on COF (e.g., ~ 0.6). Moreover, after SBF immersion for 14 days the COF fur- 
ther increased to 0.8, but no delamination was observed [2, 19]. The COFs of 
MIPS-HAp coatings were always higher than those of the MAPS-HAp coat- 
ings, and the COFs of the as-sprayed MIPS- or MAPS-HAp coatings were 
slightly higher than those of the polished coatings. 

Further, Fu et al. [22, 23] conducted fretting wear in both dry and lubrica- 
tion conditions with bovine albumin at room temperature (RT) and humidity 
of -80%. Two loads were employed as 5 and 10 N. The COFs in dry condition 
(0.7-0. 8) were much higher than those realized (e.g., 0.2-0. 3) under the lubri- 
cated condition, as expected. 

Thus, if we critically look into the literature status, we can depict that 
most of these reports mentioned above (Table 8.1) involve mainly MAPS- 
HAp coating. The work on MIPS is almost significantly less. This particular 
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need provided the genesis of the present work to emphasize the tribology of 
MIPS-HAp coatings more. 



8.3 Nanoscratch Testing of MIPS-HAp Coatings at Lower Load 

The nanoscratch tests were conducted at a speed of 0.14 pirns' 1 at room tem- 
perature (30°C) with a 90° conical diamond probe that moved over a MIPS- 
HAp coating surface that was held stationary. The scratch probe had a tip 
radius of about 1 pm. A commercial machine (Tribo-Indenter, Hysitron, 
USA) was used for this purpose. The scratch length was 6 pm. The nor- 
mal load applied on the coating surface was 100 pN. The normal force was 
constant all along the length of the scratch (Figure 8.1a). The final normal 




Time < Sec -> Time (Sec.) 

(a) (b) 




FIGURE 8.1 

Data obtained for the MIPS-HAp coating as a function of scratch time during the 100 pN con- 
stant normal force nanoscratch experiments: (a) normal force, (b) normal displacement, (c) lat- 
eral force, and (d) lateral displacement. 
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displacement was about 100 nm (Figure 8.1b). The average lateral force had 
decreased with time (Figure 8.1c). This was probably caused by the adher- 
ent presence of the coating material at the interface between the indenter 
tip and the coating. The trend of the lateral displacement data (Figure 8. Id) 
followed that of the lateral force data. The conjecture made above is well 
supported by the small magnitude (-0.15) of the coefficients of friction 
(Figure 8.2). Finally, topographical (Figure 8.3a) and gradient (Figure 8.3b) 
in situ scanning probe microscopy (SPM) images of the region on which the 

0.5 -1 
0.45 - 
0.4 - 



■2 0.35 ■ 
u 




Time (sec.) 



FIGURE 8.2 (See color insert.) 

Coefficient of friction of the MIPS-HAp coating as a function of scratch time. Red line repre- 
sents the average of five scratch test data. 




FIGURE 8.3 (See color insert.) 

In situ SPM photomicrographs (image scan size: 10 x 10 pm) of the region of the MIPS-HAp 
coating on which the nanoscratch experiments were performed (a) in topographical and 
(b) in gradient mode, showing that no peel-off occurred after the 100 pN constant normal force 
nanoscratch experiments. 
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nanoscratch was performed confirmed that no peel-off had occurred. The 
coating has a microstructure that is characteristically highly heterogeneous 
in nature. This characteristic heterogeneity is reflected in the typical scatter 
inherently present in the data. 



8.4 Nanoscratch Testing of MIPS-HAp Coating at Higher Load 

The same machine mentioned in Section 8.3 was used for this purpose. Here, 
the normal force was ramped from 0 to 700 mN. These high-load nanoscratch 
tests were conducted at a speed of 7.69 |im.s 4 at room temperature (30°C) 
with a 60° conical diamond probe that moved over a MIPS-HAp coating sur- 
face that was held stationary. The scratch probe had a tip radius of about 
20 pm. The scratch length was 100 pm. There were multiple scratches made 
with the diamond tip. It moved in one direction only. Any sudden change in 
load represents microcracking or delamination of the coating under inves- 
tigation. The load value at which such a situation happens is taken as the 
critical load. Conceptually, it signifies the scratch resistance of the MIPS- 
HAp coating under study. The various nanotribolical data obtained from 
these experiments are shown in Figure 8.4a-d. The results presented in 
Figure 8.4a-d suggested that the coating had a critical load of about 400 mN. 
The coefficient of friction (0.45-0.55) was much higher than that (-0.15) 
recorded with the low-load scratch test. The microstructure of the scratched 
coating (Figure 8.5b) was as good as that of the original, unscratched coating 
(Figure 8.5a). Except for the generation of some microcracks (Figure 8.5b), 
there was no large-scale peel-off present on the coating surface. 



8.5 Microscratch Testing of MIPS-HAp Coatings 

These microscratch experiments were also conducted at room temperature 
(30°C) in a commercial scratch tester (Model TR 102-M3, Ducom, Bangalore, 
India). The scratch tests were conducted at 2-2.6 N, 5-5.6 N, and 10-10.6 N 
normal ramping loads with a 90° conical diamond having a tip radius of 
200 pm. The scratch length was 3 mm. The scratch speed was 0.2 mm.s 1 . The 
scratch offset was 1 mm. In these experiments, however, the sample stage 
holding the sample moved at the predesignated speed below the indenter 
statically held in the machine. The scratch tests were conducted on both as- 
deposited and polished MIPS-HAp coatings. 
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FIGURE 8.4 

Data obtained for the MIPS-HAp coating as a function of scratch time during nanoscratch 
experiments by ramping the normal force from 0 to 700 mN: (a) normal force, (b) normal dis- 
placement, (c) lateral force, and (d) lateral displacement. (Reprinted/modified from Dey et al.. 
Journal of Thermal Spray Technology, 18: 578-592, 2009. With permission from Springer.) 




FIGURE 8.5 (See color insert.) 

Optical micrographs of the MIPS-HAp coating (a) before (starting and end points of the scratch 
test marked x and y, respectively) and (b) after (the arrow indicates the direction of scratch- 
ing) the nanoscratch testing by ramping the normal force from 0 to 700 mN. (Reprinted/ 
modified from Dey et al.. Journal of Thermal Spray Technology, 18: 578-592, 2009. With permission 
from Springer.) 
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8.5.1 As-Sprayed MIPS-HAp Coating 

The data on variations of normal ramping load (P„,) as a function of sliding 
distance ( d ) for the as-sprayed MIPS-HAp coating on SS316L are shown in 
Figure 8.6a. Three different normal ramping loads (e.g., P m = 2-2.6 N, 5-5.6 N, 
and 10-10.6 N) were chosen in these experiments. Further, the data on the 
variations of lateral force (P,) as a function of sliding distance are shown in 
Figure 8.6b. All the lateral forces were increased sharply up to a certain slid- 
ing distance. These critical values of scratch lengths made by different P nr , 
of e.g., 2-2.6 N, 5-5.6 N, and 10-10.6 N, were about 0.28, 0.32, and 0.85 mm, 
respectively. The corresponding P\ values were ~1.5, -2, and -5.7 N. These data 
would suggest the presence of a typical running-in period in terms of sliding 
distance. Beyond these sliding distances for a given P nr , the value of lateral 
forces was more or less constant within a band. However, within that band 
the strong local variations of the data were noticeable. The present MIPS- 
HAp coating was deposited as a layer-by-layer splat on the metallic substrate, 
and it had an extremely heterogeneous microstructure consisting of micro- 
cracks, pores, unmelted particles, etc. The interaction of the indenter tip with 
splat boundaries, micropores, microcracks, and other defects possibly caused 
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FIGURE 8.6 (See color insert.) 

Data on the variations of (a) normal ramping load, (b) lateral force, (c) acoustic emission, and 
(d) coefficient of friction as a function of sliding distance for the as-sprayed MIPS-HAp coating. 
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the local variation in the data. The variations of acoustic emissions (AEs) as 
a function of sliding distance are shown in Figure 8.6c. The AE values of all 
three cases were found as more or less constant within a band starting from 
~48 to 68 dB. Further, the data on variation of COF as a function of sliding 
distance are shown in Figure 8.6d. Coefficient of friction data at three differ- 
ent ramping loads were increased sharply up to a certain sliding distance. 
These critical values of scratch lengths made by different P nr , of e.g., 2-2.6 N, 
5-5.6 N, and 10-10.6 N, were 0.28, 0.32, and 0.85 mm, respectively. However, 
such lengths were typically of the order of or less than 10% of the total dis- 
tance (e.g., 3 mm) slid by the diamond indenter, except at 10 N or higher loads, 
where it was about 30% of the distance slid. These data would also suggest 
the presence of a running-in period in terms of the sliding distance. The cor- 
responding COF values were ~0.7, -0.4, and -0.56. Afterwards, the value of 
COF was almost constant within a band. However, within that regime strong 
local variations of the data were noticeable. This could be explained in terms 
of variation of the corresponding lateral force data. 

Optical photomicrographs of the scratches made at different ramping 
normal loads, of e.g., P nr = 2-2.6 N, 5-5.6 N, and 10-10.6 N, are shown in 
Figure 8.7a-c, respectively. The impression of scratch was more pronounced 




FIGURE 8.7 

Optical photomicrographs of scratches in the as-sprayed MIPS-HAp coating at three different 
normal ramping loads: (a) 2-2.6 N, (b) 5-5.6 N, and (c) 10-10.6 N. 
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as the normal load was increased. In addition, no delaminations or macro- 
fractures were observed for the aforesaid three cases. 

Further, scanning electron microscopy (SEM) photomicrographs of the 
scratches at ramping normal load, e.g., P nr = 10-10.6 N, are shown in Figure 8.8. 
No delaminations or macrofractures were observed up to P nr = 10-10.6 N. 
However, microcracks followed by microfracture were produced in the path 
of the scratch track. Further, the edges of the scratch grooves were wavy in 
all the cases examined. This could be due to the large porosity levels in the 
MIPS-HAp coatings. In the case of bulk ceramics, a similar opinion was put 
forward by Subhash and Bandyo [24]. A higher-magnification SEM photo- 
micrograph of the scratch track of an as-sprayed MIPS-HAp at 10-10.6 N is 
shown in Figure 8.9. A bunch of parallel microcracks were formed nearly 
perpendicular to the scratch direction. These types of microcracks are often 
observed during scratch testing on the plasma sprayed ceramic coatings as 
well as bulk ceramics [24-28]. These cracks most likely formed as a result of 




FIGURE 8.8 

SEM photomicrographs of scratches in the as-sprayed MIPS-HAp coating at 10-10.6 N. 




FIGURE 8.9 

Higher-magnification SEM photomicrograph of scratch track in the as-sprayed MIPS-HAp 
coating at 10-10.6 N showing formation of almost parallel microcracks nearly perpendicular to 
the scratch direction (direction of the scratches were from the left to right). 
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the tensile frictional stress, which had acted behind the trailing edge of the 
indenter [26, 28]. 



8.5.2 Polished MIPS-HAp Coating 

The data on the variations of normal ramping load (P„ r ) as a function of slid- 
ing distance ( d ) for the polished MIPS-HAp coating on SS316L are shown 
in Figure 8.10a. Three different normal ramping loads (e.g., P nr = 2-2.6 N, 
5-5.6 N, 10-10.6 N), as were chosen for the as-sprayed coating, were also 
chosen in the present experiment. A sharp kink was recorded at a higher 
ramping load of 10-10.6 N, which possibly suggested occurrence of a micro- 
chipping or delamination at a local microstructural length scale during the 
microscratch testing. However, the coating was not totally delaminated, 
even with further loading after the microchipping. Further, the data on the 
variations of lateral force (P,) as a function of sliding distance are shown 





Sliding Distance (mm) 




FIGURE 8.10 (See color insert.) 

Data on the variations of (a) normal ramping load, (b) lateral force, (c) acoustic emission, and 
(d) coefficient of friction as a function of sliding distance for the polished MIPS-HAp coating. 
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in Figure 8.10b. All the lateral forces increased sharply up to a certain slid- 
ing distance. These critical values of scratch lengths made by different P nr , 
e.g., 2-2.6 N, 5-5.6 N, and 10-10.6 N, were 0.16, 0.28, and 0.44 mm, respec- 
tively. The corresponding P l values were -0.62, -1.4, and -3.2 N. These data 
would suggest the presence of a typical running-in period in terms of the 
sliding distance. Beyond these sliding distances for a given P nr , the value of 
lateral forces was more or less constant within a band. However, within that 
band, strong local variations of the data were noticeable. The interaction of 
the indenter tip with splat boundaries, micropores, microcracks, and other 
defects (i.e., characteristic features of plasma sprayed coating, as discussed 
in Chapter X) possibly caused the local variation of data. These values were 
comparatively much lower than those recorded for the as-sprayed MIPS- 
HAp coating discussed earlier. However, the variations of lateral force data 
at 10-10.6 N normal load were much higher due to local delamination and 
microchipping (Figure 8.10b). The variations of AEs as a function of sliding 
distance are shown in Figure 8.10c. The AE values of all three cases were 
found to remain more or less constant within a band starting from -39 to 
48 dB. These values of AE were much lower than those of the as-sprayed 
coating presumably, due to better surface finish or a comparatively lower 
R„ value. Further, the data on variations of the COF as a function of sliding 
distance are shown in Figure 8.10d. Coefficients of friction data at three dif- 
ferent ramping loads were increased sharply up to a certain sliding distance. 
These critical values of scratch lengths made by different P nr , e.g., 2-2.6 N, 
5-5.6 N, and 10-10.6 N, were 0.16, 0.27, and 0.44 mm, respectively. However, 
such lengths were typically about 5, 10, and 15% of the total distance (e.g., 3 
mm) slid by the diamond indenter. These data would also suggest the pres- 
ence of a running-in period in terms of the sliding distance. The correspond- 
ing COF values were -0.62, -0.27, and -0.31. Afterward, the value of COF was 
almost constant within a band. However, within that band, the strong local 
variations of the data were quiet noticeable. This could be explained in terms 
of the variation of the corresponding lateral force data. 

Optical photomicrographs of the scratches made at different ramp- 
ing normal loads, e.g., P nr = 2-2.6 N, 5-5.6 N, and 10-10.6 N, are shown in 
Figure 8.11a-c, respectively. The impression of scratch was more pronounced 
as the normal load was increased. In addition, no major delaminations or 
macrofractures were observed for the aforesaid three cases. However, the 
signature of a local delamination or microchipping was recorded in case of 
higher load scratching, e.g., 10-10.6 N ramping normal load (Figure 8.11c). 

Further, a SEM photomicrograph of the scratch at ramping normal load, 
e.g., P nr = 5-5.6 N, is shown in Figure 8.12. No major macrofractures or 
delaminations were observed for the aforesaid three cases, although some 
localized delamination or microchipping of the MIPS-HAp occurred at the 
highest ramping normal load of 10-10.6 N used in the present experiments. 
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FIGURE 8.11 

Optical photomicrographs of scratches on the polished MIPS-HAp coating at three different 
ramping normal loads: (a) 2-2.6 N, (b) 5-5.6 N, and (c) 10-10.6 N. 




FIGURE 8.12 

SEM photomicrographs of scratch on the polished MIPS-HAp coating at 5-5.6 N. 



8.6 Microscratch Testing of MIPS-HAp Coatings 
before and after the SBF Immersion 

The data on variations of the COF as a function of sliding distance both 
before and after immersion in the SBF solution are shown in Figure 8.13. All 
the experimentally measured data on the COF had increased sharply up to 
a certain sliding distance. These data would also suggest the presence of a 
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FIGURE 8.13 (See color insert.) 

Variations of the coefficient of friction (COF) of the MIPS-HAp coating as a function of slid- 
ing distance before and after immersion in the SBF solution. (Reprinted/modified from Dey 
and Mukhopadhyay, International Journal of Applied Ceramic Technology, 11: 65-82, 2013. With 
permission from Wiley.) 



running-in period in terms of the sliding distance. Afterward, the value of 
COF remained almost constant within a band. However, within that band 
the strong local variations of data were noticeable. Moreover, the variation 
in the case of the samples immersed in the SBF solution was much higher 
than that of the virgin MIPS-HAp coating samples. The interaction of the 
moving indenter tip with deposited loose apatite layer after immersion in 
the SBF solution possibly caused the local variations of the data. 

The value of COF was initially increased after just 1 day of immersion in SBF 
solution. This happened possibly because much more dissolution took place 
instead of apatite deposition at the early time of immersion in the SBF solu- 
tion, as discussed in Chapter 5. Afterward, the average value of COF was 
dropped to 0.46 after 14 days of immersion in the SBF solution. Surprisingly, 
this value was close to the value of COF measured for the virgin coating. This 
happened possibly because the deposition of loose apatite increased as the 
immersion time progressed from 1 day to 14 days, as discussed in Chapter 5. 
Further, those loose apatites could produce microwear debris when they 
made contact with the indenter tip. Therefore, the possibility of the contacts 
of the indenter with the surface asperities could be much higher [29]. If such 
wear debris is engulfed between the indenter sides and the coating surface, 
the average coefficient of friction should drop, as was indeed experimentally 
observed. In other words, after 14 days of immersion in the SBF solution, the 
MIPS-HAp samples showed an excellent surface mechanical property, e.g., 
better scratch resistance, even when scratched at a ramping load of 10-10.6 N. 
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FIGURE 8.14 

Optical microscopy images of the scratch paths of the MIPS-HAp coating after the immersion 
in SBF solution at 10-10.6 N ramping load: (a) 1 day and (b) 14 days. 




FIGURE 8.15 

SEM images of the scratch paths of the MIPS-HAp coating after the immersion in SBF solution 
at 10-10.6 N ramping load: (a) 1 day and (b) 14 days. 

The detailed microstructural features of the scratch track are shown in 
optical micrographs (Figure 8.14a, b) and scanning electron microscopy 
photomicrographs (Figure 8.15a, b). No delamination or coating peeling off 
had been found. Therefore, these data provided conclusive proof regarding 
the reliability of the coating adhesion during in vitro test. 



8.7 Summary 

The tribological properties investigated by both scratch and fretting wear 
tests of FIAp coatings were described. Nanoscratch tests on the MIPS-FIAp 
coating with both constant and ramping loads showed no signature of macro- 
fracture, large-scale delamination, or peel-off, thus possibly corroborating 
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the presence of a strain-tolerant microstructure. The microscratch test on the 
MIPS-HAp coating at ramping normal loads usually showed no large-scale 
delamination or coating peel-off except at very high loads, e.g., 10-10.6 N. 
The average COF was about ~0.4 for as-sprayed, but reduced further for the 
polished MIPS-HAp coating. In general, COF of the as-sprayed MIPS-HAp 
coating was slightly higher than that of the polished MIPS-HAp coating, 
due to higher surface roughness (R a ~ 0.4 pm) and porosity (p ~ 20%) of the 
former. The values of the coefficient of friction for the MIPS-HAp coating 
were SBF immersion time dependent. However, the microscratch test at a 
relatively higher ramping load (e.g., 10-10.6 N) showed no large-scale delam- 
ination or coating peel-off, which proved the stability of the coating after 
immersion in synthetically produced body fluid environment. 

Introduction of residual stress in HAp coatings during deposition time 
will be discussed next in Chapter 9. The origin of it, common methodolo- 
gies to evaluate residual stress, and their relative merits and demerits will 
be described in detail. The residual stress of HAp coatings developed by 
both high- and low-temperature deposition techniques, like plasma sprayed 
and sol-gel-based HAp coatings, will be also discussed in the next chapter. 
Further, the utilization of a novel nanoindentation technique for measuring 
local residual stress of MIPS-HAp coatings will be highlighted. 
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Residual Stress of Hydroxyapatite Coating 



9.1 Introduction 

The main idea behind this chapter is to provide a comprehensive picture of 
the locked-in or residual stresses that exist in the hydroxyapatite (HAp) coat- 
ing, and then how they can influence the properties of the coating in general, 
and mechanical properties in particular. Now the first question that we need 
to ask ourselves is: What is meant by the term residual stress ? 

Well, residual stresses or locked-in stresses are conceptualized as the 
stresses that remain confined within a given solid even in the absence of 
any external mechanical or thermal loading conditions. These stresses are 
generated during manufacturing or processing or during surface finish- 
ing treatments. 

Depending on the application and its relative magnitudes, such residual 
stresses may be either beneficial or detrimental for a given solid or coating. 
For instance, let us consider the case of the toughened glasses. Flere, through 
optimized processing and post-processing steps, a compressive residual 
stress of large magnitude is judiciously introduced for the purpose of tough- 
ening into the tensile surface of a given glass. The presence of this compres- 
sive residual stress at the surface must be overcome by the applied stress 
to make the surface flaws activated to cause failure of the toughened glass. 
As a result, the surface flaws face much lower tensile stress effectively, and 
thereby resist catastrophic failure to a large extent. Consequently, the tough- 
ness is enhanced. Thus, in this case, the presence of the residual compressive 
surface stress can and does act as a boon. 

On the other hand, we can imagine situations, e.g., wherein a coating or 
a thin film has a large magnitude of tensile residual stress active at the sur- 
face. In the presence of such a large tensile residual stress, only a nominally 
small magnitude of externally applied tensile stress, then, will make the 
total magnitude of effective tensile stress so high at the surface that it will 
easily cause delamination at the interface between the coating and thin film. 
In such cases, therefore, the presence of residual stress can and does turn out 
to be detrimental for the structural integrity of a given coating or thin film. 
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Preparation of plasma sprayed HAp coating on metallic substrate is a 
high-temperature process. For such processing there are the two main con- 
tributors to the overall residual stress: (1) quenching-induced stress and 
(2) thermal mismatch-induced stress [1]. Now, in-service reliability of the 
FIAp-coated metallic implants in in vivo service is determined by their long- 
term performance. The same can be degraded due to the presence of residual 
stress inside the coated implants. Ideally, we would like the residual stress 
to be nonexistent. But in reality, this is very difficult, if not impossible, to 
make it happen. No matter what is the amount of effort that we may dedi- 
cate, residual stress will always be there in a plasma sprayed coating. As men- 
tioned above, the danger is that if the residual stress has an unmanageably 
high magnitude, it may often lead to delamination at the interface between 
the coating and the substrate, and eventually to a premature coating failure. 
If and when this happens, revision surgery is the only way. This definitely is 
the most unwanted situation from the patient's point of view, and hence all 
efforts should be directed to avoid such a situation at any cost. Clearly then, 
the exploration of the residual stress aspect in FIAp coatings in general, and 
in those processed by plasma spraying in particular, turns out to be an issue 
of significant importance that merits dedicated discussion. This is what we 
have presented in the following sections of this chapter. 



9.2 Origin of Residual Stress 

The plasma spray process involves introduction of the material, in the form 
of fine powder, to a plasma flame, which melts the particles and propels them 
toward the substrate to be coated. Upon impact, the particles flatten, cool 
down, and solidify, forming a solid layer. As a result of this process, the coat- 
ings have properties quite different from bulk materials of the same compo- 
sition, as a consequence of porosity, anisotropy, and residual stress [1-22]. 

The large temperature differences experienced during the deposition pro- 
cess are responsible for the development of residual stress in such coatings. 
When the molten particles, i.e., splats, strike the substrate, they are rapidly 
quenched, while their contraction is constrained by their adherence to the 
substrate. This leads to tensile/compressive stress in the coating, commonly 
referred to as the quenching stress [1]. Thermal mismatch stress develops 
due to the difference in the coefficients of thermal expansions between the 
coating and the metallic implants. Thus, the quenching and the thermally 
induced mismatch stresses are the two main contributions to the overall 
residual stress. High residual stresses often lead to cracking or buckling of 
the coating, and therefore it is essential to study the nature and extent of the 
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residual stress condition of the coating to ensure its trouble-free long usage 
as an implant. 

It has been well known that residual stress is inherently induced in the 
coatings prepared by the plasma spraying method. This residual stress is 
caused by the difference in thermal properties between the coating and the 
substrate materials, combined with the complicated solidification processes 
of the coatings. 

As mentioned above, the critical evaluation of the residual stress states 
in the plasma sprayed HAp coatings on metallic substrates for orthopedic 
implants is very important for the durability of the systems and their long- 
term successes in applications. The magnitude of the residual stress along 
the spraying direction is larger than that perpendicular to the spraying 
direction. This can be rationalized on the basis that the structure parallel to 
the spraying direction is continuously deposited, but that perpendicular to the 
spraying direction is discontinuously deposited. It is conjectured, generally, 
that a continuous structure of coating would result in unrelaxed strain, and 
hence higher residual stress. 

When the coating rapidly solidified after plasma spraying due to the mis- 
match of thermal expansion coefficients of coating and substrate [16, 17], the 
residual stresses generally occurred near the interface of the plasma sprayed 
ceramic coating and the metallic substrate [5, 18, 19]. 

The thermal expansion coefficient of the metallic substrate is generally 
higher than that of the ceramic coating; hence, a compressive residual stress 
is expected to develop after cooling down. Depending on the relative mag- 
nitude, the compressive stress may accelerate or decelerate the tendencies of 
the coatings to debond [19-21] out from the substrate-coating interfaces. 



9.3 Identification of Residual Stress and Importance 

In vivo tests have demonstrated that under the shear loading condition, 
the implants could fail in the bone near the HAp coating-bone interface, 
at the HAp coating-bone interface, between lamellar splats in the plasma 
sprayed HAp coating, and at the HAp coating-substrate interface [23]. 
One of the major factors hypothesized to cause the failure of the implants 
mechanically and physiologically in the body fluid environment was 
the residual stress, but no evidence was provided [23]. The reason for the 
importance of residual stress was that the lamellar splat interfaces and HAp 
coating-substrate interface might be subjected to an induced tensile stress 
in the through-thickness direction of the coating [13]. This tensile stress was 
argued to be strong enough to tear the coating apart from the substrate. 
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9.4 Factors Affecting Residual Stress 

Residual stress in the coating might vary with coating thickness [20, 22], 
spraying parameter, and the temperature of the substrate [16, 17]. In general, 
residual stress increases with the thickness of the coating and the tempera- 
ture of the specimen during plasma spraying. 



9.5 Common Methodologies to Evaluate Residual Stress 

There are several commonly used methods for residual stress determination 
in coatings. These are: 

1. Diffraction methods (e.g.. X-ray or neutron) 

2. Raman piezospectroscopy 

3. Mathematical modeling (e.g., analytical or numerical) 

4. Materials removal techniques (e.g., hole drilling, layer removal) 

5. Curvature methods (e.g., in situ curvature, deflection, or strain 
measurement) 

6. Nanoindentation 

Each technique has certain advantages as well as some inherent limita- 
tions [24, 25]. 



9.6 Relative Advantages and Disadvantages 

With regard to the diffraction method, the most popular method for direct 
measurement of residual stresses is to monitor the shift of selected X-ray dif- 
fraction (XRD) peaks [26]. Due to the limited penetration depth of X-ray, an 
alternative to XRD is the use of neutrons. However, scattering intensities of 
neutron diffraction tend to be relatively low, so it is very difficult to obtain 
sufficient data in a reasonable time from small volumes, such as those of 
interest in coatings. 

The diffraction method also includes Raman spectroscopy, which has 
been used to measure stresses in CVD films. However, this technique has 
not yet been widely applied to the cases of the thermally sprayed coatings, 
e.g., MAPS/MIPS-HAp coatings. 
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The curvature method of the residual stress evaluation continuously 
measures the curvature of the deposit-substrate couple during the spray- 
ing process [27, 28]. Another technique is measuring the apparent curvature 
and deflection of the intact specimen that had cooled down after the spray- 
ing process [29, 30]. The curvature method has the important advantage of 
being nondestructive and applicable while deposition is taking place. 

The hole drilling and nanoindentation are semidestructive test processes 
in nature, as the holes or indentations are very tiny and may not influence 
the properties of the specimen. While analytical models are not a direct mea- 
surement technique, they can still be used to predict the amount and nature 
of residual stress present in the specimen. 

It is true that each of the aforesaid techniques has its own merits and 
demerits. Therefore, the appropriate technique must be very judiciously cho- 
sen for measuring residual stress. For instance, the XRD-sin 2 \|/ technique can 
be useful to evaluate the residual stress only in a thin layer, assuming that it 
behaves like a bulk, isotropic material. Flowever, in practical applications, in 
particular for plasma sprayed HAp coatings, these assumptions do not hold 
well, as the coating is always heterogeneous in nature. In contrast, when we 
talk about comparatively thick layers of either a graded or an inhomoge- 
neous composition, the materials removal methods in general and the hole 
drilling method in particular can be the appropriate method of preference to 
measure residual stress. However, the hole drilling method remains true for 
local stress measurement rather than global stress, which can be measured 
by XRD-based techniques. The spatial resolutions of materials removal meth- 
ods are much inferior to that which can be attained by the XRD-sin 2 \|/-based 
technique. Furthermore, materials removal methods are capable of simple 
specimen geometries, while sin 2 \|/-based measurement methodology can be 
applied to complicated geometries. However, in spite of so many advanta- 
geous points, the sin 2 \|/-based measurement methodology is comparatively 
more tedious and complicated than the other methods. 

In this context, the nanoindentation technique [31-36] has emerged recently 
as one of the potential methods for evaluation of residual stresses for both 
bulk and ceramic coatings/thin films. This technique has several merits, and 
hence is gaining popularity. The foremost advantage of this method is that 
it is less tedious and complex. Further, it takes only little time to complete 
a given set of measurements. Another advantage of this method is that it 
can be employed for the evaluation of either tensile or compressive residual 
stress, as well as plastic strain. 

It is definitely interesting to note, in addition, that the same nanoinden- 
tation technique can be and is indeed utilized to estimate both local and 
volume-averaged global mechanical properties, such as Young's modu- 
lus, nanohardness, yield strength, strain-hardening exponent, and tensile 
strength [36]. Now, it must be realized that residual stress may be active over 
both short and long ranges. The unique advantage of the nanoindentation 
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technique for measuring residual stress is that the one single general meth- 
odology can be exploited to probe both short-range and long-range residual 
stresses [31, 36]. 

Therefore, it is not at all surprising to note that both the ease and con- 
venience, as well as the accuracy, of the nanoindentation method make it 
definitely far superior to the more conventional methods, like hole drilling, 
layer removal, strain evaluation, displacement/curvature measurements, 
piezospectroscopy, XRD-based mreasurements, neutron diffraction, etc., as 
already mentioned above. However, it is imperative to give a brief descrip- 
tion of the techniques mentioned above before we can go into the details of 
the nanoindentation technique. 

9.6.1 XRD Technique 

The residual stress measurement by XRD technique is usually performed in 
two ways employing, e.g., (1) Hooke's law and (2) the sin 2 \|/ method. In the 
first method, residual stress, o„ should be measured by multiplying strain, 
e, and Young's modulus, E. The strain should be measured from the XRD 
data, comparing between coating data and corresponding powder XRD data. 
Finally, the residual stress of the HAp coating can be estimated from 
Equations (9.1) to (9.6), proposed by Brown and his coworkers [5]. The present 
authors have also estimated the residual stress of the microplasma spraying 
(MIPS) HAp coating [36] following [5]. In other words, the residual stress can 
be represented as 



o, = Eqe 



(9.1) 



where o, is the residual stress of the coating, £,, is the Young's modulus of 
the stress-free virgin material, e.g., freestanding coating, and £ is the residual 
strain, calculated from XRD data by the following relationship: 



( d, d 0 ) 

do 



(9.2) 



where £ was calculated by the ratio of the difference between the interplan- 
ner spacing (d c ) of the coating and the interplanner spacing (d 0 ) of the powder 
and d 0 . 

The shift of a peak corresponds to a change in the unit cell dimensions, 
and this is usually caused by stress. Using the software attached with the 
XRD machine, the position of a peak is accurately measured. It is impor- 
tant to select an appropriate peak, with a reasonable relative intensity with 
respect to that of the I loo hydroxyapatite peak and having simple hkl indices, 
such as the (300) and (004) planes, which give the stress in the two major 
planes of the hydroxyapatite structure. Since the hydroxyapatite structure is 
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hexagonal, i.e., a -b * c, the lattice constants a and c can be calculated from 
the following relationship [5]: 



d = 



1 




(h 2 + k 2 + hk) + 



(9.3) 



For the (300) plane this simplifies to 



a = 2V3 d 


(9.4) 


and 




^3 

II 

U 


(9.5) 


for the (004) plane, where d is the interplanner spacing calculated from the 
XRD pattern using Bragg's law, which rearranges to 


d= X 

sinO 


(9.6) 



where X is the wavelength of the incident beam and 0 is the measured dif- 
fraction angle. Once the lattice parameters have been determined for the 
powders and the coatings, the lattice strain can be worked out, and by using 
the measured modulus for hydroxyapatite, the residual stress in the coat- 
ing can be calculated. 

Brown et al. [5] calculated tensile residual stresses of 200-450 MPa for FIAp 
coatings using Hooke's law. The X-ray diffraction method was used to mea- 
sure residual stress in HAp coatings made by the air plasma spraying (APS) 
and high-velocity oxy fuel (HVOF) techniques. Three types of spraying 
parameters were used: gas mixtures of argon (Ar)/nitrogen (N 2 ) and argon/ 
helium (He) were used for the APS process, while a propane/oxygen mix- 
ture was utilized for the HVOF process. For the coatings obtained with the 
Ar/N 2 and Ar/He gas mixtures and the HVOF process, the residual tensile 
stress magnitudes were estimated to be, e.g., -350-450 MPa, 200-300 MPa, 
and 70-120 MPa, respectively. Further, it was found that the tensile residual 
stresses increased in proportion to the coating thickness. 

On the other hand, the XRD-based sin 2 \|/ method is much more compli- 
cated than the first one. Yang and his coworker [8] extensively studied resid- 
ual stress of plasma sprayed HAp coating by this method. According to them 
[8], the principal stresses o x and o„ are parallel to the plasma sprayed HAp 
surface, while a : was considered zero, shown schematically in Figure 9.1. The 
residual stress, o r , should be measured at an unknown angle (]) with princi- 
pal stress o x . The angle <() can be varied from 0° to 90°. The angle <() signifies 
the plasma spraying direction. Thus, (|) = 0° corresponds to a direction that 
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FIGURE 9.1 (See color insert.) 

Schematic representation of stresses acting on a residually stressed body. (Adopted/modified 
and redrawn from Yang et al., Biomaterials, 21: 1327-1337, 2000. With permission from Elsevier.) 

is parallel to the plasma spraying direction, while <(> = 90° means a direction 
that is perpendicular to the plasma spraying direction. 

Now, it is worth mentioning in this connection that the angle 'P is known 
as the angle of tilt to the surface normal of the specimen. Different ¥ angles 
can be taken. In particular, in the work reported by Yang et al. [8], six *P val- 
ues have been taken as, e.g., 0°, 18.43°, 26.56°, 30°, 33.21°, and 36.27°. Now, the 
residual stress, o„ in the HAp coating acting in the <|) direction with respect 
to o Y can be calculated by Equation (9.7): 



o r = 



E 0 d/d 
(1 + v) sin 2 xp 



(9.7) 



where v is Poisson's ratio of the coating, 0 is the diffraction angle, 'P denotes 
the tilt angle of the specimen, d is the interplanar spacing (lattice spacing) 
measured at *P = 0° (d v , =0 o), and Ad is the difference of and d,,, =0 o (where 
is the interplanar spacing at V P = V P). The term 

d/d 
sin 2 rp 7 



usually known as m, is determined from a least-squares fit of the slope 
derived from the plot of A d/d against sinhj/. 

Strictly speaking, E 0 should be taken from X-ray elastic constants rather 
than from nanoindentation measurements. However, in the absence of any 
reported X-ray elastic constant data, the Young's modulus data experimen- 
tally measured by the nanoindentation or three/four-point bending test or 
any other standard method, e.g., use of ultrasonic pulse echo technique, flex- 
ural resonance, etc., can be used. It is, of course, worth mentioning that other 
researchers [3, 4, 8, 12] had used the data of elastic modulus measured by the 
three-point bending test on a freestanding coating for residual stress mea- 
surement of the HAp coating by the X-ray based sin 2 \|/ method. Nevertheless, 
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the present authors employed the nanoindentation technique to measure 
Young's modulus data of the freestanding HAp coating [36]. 

Millet et al. [11] obtained compressive residual stresses of -12.5-29 MPa in 
HAp coatings with different thicknesses by the XRD-based sin 2 \|/ method 
[37, 38]. Using the same method, however, Yang et al. [8] experimentally 
found that the less dense (porosity ~ 10 vol%) HAp coating showed a com- 
pressive residual stress of -5 MPa, while the relatively denser HAp coat- 
ing (porosity ~ 4 vol%) showed a higher magnitude of compressive residual 
stress, e.g., -17 MPa, which was three times higher than that measured for 
the less dense HAp coating. The presence of more pores and microcracks 
in the low-density coating was thought [8] to have relaxed the strain and 
reduced the residual stress. 

On the other hand, Ravaglioli and Krajewski [39] reported that the ther- 
mal expansion coefficient (CTE, a) of sintered HAp was higher than that 
of the Ti-6A1-4V alloy (a HAp = 11.5 x 10 6 K 1 and a Ti . 6Al . 4V - 8.9 x 10 6 K '), 
and hence the HAp coating might be in a tensile stress state after cooling 
down from high temperature. However, this suggestion remains debatable. 
The thermal expansion coefficient is a function of material structure; i.e., 
in reality, the actual CTE of the HAp coating might be much lower than 
the theoretical value due to the much lower density of the plasma sprayed 
HAp coatings. Thus, even for a given method, there exist a lot of variations 
in both the nature and the magnitude of literature data on residual stress 
in HAp coatings. 

9.6.2 Hole Drilling Method 

This technique conforms to the ASTM E837 standard. It is a well-known 
technique to evaluate residual stress of bulk materials rather than of coatings 
or thin films. It involves the use of strain gauge at the vicinity of microholes 
drilled in a given structure. Actually, this process involves drilling a micro- 
hole into a residually stressed specimen with a depth that is about equal to its 
diameter and small compared to the thickness of the test object. That is why 
this method is identified as semidestructive, because the damage, i.e., the 
size of the drilled microhole, is really very tiny in size in comparison to that 
of the sample. In this technique, strain is measured using either a rosette of 
strain gauges, moire interferometry, laser interferometry based on a rosette 
of indentations, or holography. The experimental condition should strictly 
abide by the overall satisfaction of the two basic assumptions: (1) specimen 
material should be isotropic linearly elastic and (2) in-plane stress gradients 
should be small. 

Han et al. [9] adopted this method and measured by the hole drilling 
method a maximum tensile residual stress of -88 MPa for a plasma sprayed 
HAp coating. However, there had not been many other attempts to utilize 
this very versatile technique for evaluation of the residual stress in the cases 
of the HAp coatings. 



190 



Microplasma Sprayed Hydroxyapatite Coatings 



9.6.3 Raman Piezospectroscopy-Based Method 

Again, the Raman piezospectroscopy-based method is not popular, like the 
previous one for measuring residual stress of HAp coatings. However, Sergo 
et al. [6] used the Raman piezospectroscopy analysis to measure the residual 
stress of APS and vacuum plasma sprayed (VPS) HAp coating. The results 
reported by them have shown that -100 MPa tensile residual stresses was 
present in the APS-HAp coating, and -60 MPa compressive residual stress 
was present in the VPS-HAp coating. It is to be noted that in the former case, 
argon was the primary gas, while a mixture of argon and hydrogen was 
the primary gas in the latter. However, it was not explained why the nature 
of the residual stress changed from a tensile state to a compressive state by 
the variation of plasma processing parameters. It was suggested [6] that the 
compressive residual stress possibly helped to heal the "mud cracking" of 
the typical plasma sprayed HAp coatings. 

9.6.4 Curvature Method 

This method is frequently used to determine the stresses within coatings and 
films. The deposition of coatings or films can induce stresses that can and do 
cause the substrate to curve in either a concave or convex manner. Then the 
aforesaid curvatures can be measured using a direct contact methods like 
profilometry, strain gauges, etc., or indirect contact methods like video, laser 
scanning, grids, double-crystal diffraction topology, etc. Finally, the curva- 
ture is related to the residual stress using the well-known Stoney's relation. 

Yang [40] adopted this method and measured strain in the MAPS-HAp 
coating. A high-resolution camera has been used to measure the deflection 
of the metallic pure Ti substrate. In this case, the HAp coating was concave 
in nature. 

9.6.5 Nanoindentation 

It is well known that the nanoindentation technique is well established for 
the evaluation of nanomechanical properties at the local microstructural 
length scale of the materials. Now, Suresh and Giannakopoulos [31] gave us 
a useful idea to measure the residual stress by instrumented depth-sensitive 
indentation or nanoindentation technique. They [31] opined that the presence 
of a residual compressive stress will oppose the penetration of the indenter 
into the coating, thus resulting in a lower residual depth of penetration in 
comparison to what would be obtained in a stress-free coating. Similarly, the 
presence of a residual tensile stress will aid the penetration of the indenter 
into the coating, thereby leading to a higher residual depth of penetration in 
comparison to that of a stress-free coating. 

The schematics of the nanoindentation processes on a stress-free coating 
without substrate, a coating with residual compressive stress, and a coating 
with residual tensile stress along with substrate are shown in Figure 9.2a-c. 
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Bonded coating with a Bonded coating with a 

compressive residual tensile residual stress 



stress 




FIGURE 9.2 (See color insert.) 

Schematic of nanoindentation processes on a (a) freestanding coating without substrate and 
bonded coating with a (b) compressive and (c) tensile stress. 



Thus, for given fixed load, the residual depth of penetration, and hence 
the projected contact area, shall be lower in a coating on a given substrate 
with residual compressive stress (Figure 9.2b) in comparison to those of a 
stress-free coating (Figure 9.2a) without the substrate. Similarly, the residual 
depth of penetration (for the same given fixed load), and hence the projected 
contact area, shall be higher in a coating (on the same given substrate) with 
residual tensile stress (Figure 9.2c) in comparison to those of a stress-free 
coating (Figure 9.2a) without the substrate. Further, the efficacy of the afore- 
said technique has been successfully verified experimentally by the present 
authors [36]. 

The ratio of the projected contact area is related to residual tensile stress 
(a,) present in a coating by the following relationship [31]: 

A L= h L= 1 or sin (3 , . 

A 0 ho H t 



Similarly, the ratio of the projected area is linked to the residual compressive 
stress (a c ) present in a coating by the following relationship [31]: 



A c h c a c -sin|3 

Ag li 0 H c 



(9.9) 



A is the projected area of the bonded coating with residual stress (tensile/ 
compressive). The term A 0 represents the projected area of freestanding 
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coating without the substrate. The quantity h stands for the final depth of 
penetration of the bonded coating with residual stress (tensile/compressive). 
Similarly, h 0 is the final depth of penetration of freestanding coating with- 
out substrate. H is hardness of the coating, and (3 is the angle complemen- 
tary to the semiapex angle of the indenter (i.e., (3 = (90° - 65.3°) = 24.7°). 
The subscripts t and c stand for tensile and compressive nature of residual 
stress, respectively. 



9.6.6 Analytical Models 

Besides the direct measurement techniques, the residual stress of plasma 
sprayed HAp coatings on titanium substrates was studied by Tsui et al. 
[7] through an analytical model that estimated tensile residual stresses of 
21-41 MPa at the top surface of the HAp coatings. However, it would appear 
from the survey of literature data that there had not been many other 
attempts to utilize this very versatile technique for evaluation of the residual 
stress in HAp coatings. 



9.7 Role of Higher Plasmatron Power and Secondary Gas 

Tsui et al. [7] also opined that using a higher power or secondary gas would 
promote a residual compressive stress to occur in the plasma sprayed HAp 
coating. Furthermore, the plasma sprayed specimen of HAp on titanium 
exhibited a convex curvature that provided a clue suggesting that the resid- 
ual stress was in fact compressive [21]. 



9.8 Role of the Substrate Temperature 

As mentioned earlier, Yang and Chang [4] produced six plasma sprayed HAp 
coatings on Ti-6A1-4V substrates of different initial temperatures with vari- 
ous cooling media used during spraying. The residual stresses of six coat- 
ings were measured by the XRD-sin 2 \|/ method, as discussed earlier. 

The HAp coatings with the initial substrate temperatures of 250°C before 
plasma spraying had the highest compressive residual stress of about 
22 MPa. This was suggested [4] to be due to the higher thermal expansion 
mismatch between coating and substrate during cooling from an elevated 
temperature to room temperature. 
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In contrast, for the initial substrate temperature of 25°C, the lowest residual 
compressive stress of about 17 MPa was obtained [4] due to a lower thermal 
expansion mismatch between the substrate and the HAp coating. However, 
for the initial substrate temperature of 160°C, a compressive residual stress 
of ~20 MPa was recorded [4], This value was intermediate to those of the two 
HAp coatings reported above. 

In the other case, Yang and Chang [12] measured the residual strain and 
stress of plasma sprayed HAp coatings on metallic titanium by the mate- 
rials removal method, which was similar to that employed by Hobbs and 
Reiter [41]. In addition, the residual stress values of the three HAp coatings 
measured by the XRD method were quite consistent with those calculated 
from the materials removal method [12]. The magnitudes of the compressive 
residual stresses obtained from both measurement methods were found to 
be linearly dependent on the deposition temperatures of the HAp coatings. 
Thus, in effect, the variations in the coating temperatures, caused by varia- 
tions of the cooling media during plasma spraying, were found to have a 
significant effect on the residual stress states of the resultant HAp coatings. 



9.9 Nature of the Residual Stress State 

As mentioned earlier, the nature of the residual stress state in the HAp coat- 
ings is yet to be unequivocally established. For example. Millet et al. [11], 
Heimann et al. [42], Sergo et al. [6], and Yang and Chang [4, 8, 12] mentioned 
that a compressive residual stress was found for HAp coatings on titanium 
alloy. However, according to the findings of Tsui et al. [7], Tadano et al. [43], 
and Han et al. [9], a state of tensile residual stresses prevailed in the HAp 
coatings. These apparent contradictions are yet to be resolved. Hence, more 
basic studies are needed to explore in more detail the residual stress states in 
the plasma sprayed HAp coatings. 



9.10 Role of Other Basic Process Parameters 

The generation of residual stress is mainly controlled by the substrate tem- 
perature during plasma spraying. The substrate temperature is in turn deter- 
mined by the surface speed of the gun traverse during plasma spraying, the 
thickness of coating developed per deposition pass, and the cooling efficiency 
during the plasma processing. Together, these factors may cause a change in 
fracture mode of the coating system and the bonding strength of the coating. 
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9.11 Residual Stress of Thermally-Sprayed 
and Sol-Gel-Derived HAp Coatings 

Now we shall concentrate on the information collated in Table 9.1, which is a 
typical survey of reported data on residual stress of HAp coatings deposited 
by macroplasma spraying (MAPS), MIPS, HVOF, and sol-gel techniques, and 
subsequently measured by a variety of methods, like XRD-based techniques, 
the materials removal method, nanoindentation techniques, and the analyti- 
cal approach. It is interesting to note from the literature data collation pre- 
sented in Table 9.1 that the numerical magnitude of residual stress of HAp 
coatings may vary from as low as 5 MPa to as high as 450 MPa and could be 
either compressive or tensile in nature. 

For HAp coatings on Ti-6A1-4V, application of Hooke's law showed that 
[5] the coatings prepared by the HVOF process had a tensile residual stress 
of magnitude (e.g., 70-120 MPa) lower than that (e.g., 200-450 MPa) of the 
coatings prepared by the APS process. Further, the thicker the coating, the 
higher the magnitude of tensile residual stress estimated. To the contrary, 
much lower magnitudes of tensile residual stress, e.g., 20-30 MPa, were 
reported [10] for HAp coatings on Ti-6A1-4V prepared by MAPS in a vacuum 
environment and detonation gun spraying techniques. 

On the other hand, application of the XRD-based sin 2 \|/ method gave 
compressive residual stresses of -10-30 MPa in HAp coatings on Ti-6A1-4V 
of different thicknesses [11]. Interestingly, the more dense (e.g., porosity of 
-4 vol%) HAp coatings on Ti-6A1-4V showed higher magnitudes of compres- 
sive residual stresses (e.g., 17 MPa) than those (e.g., 5 MPa) of the less dense 
(porosity - 10 vol%) coating [8[. 

Further, adaptation of the same method [11] for MAPS-HAp coatings on 
Ti-6A1-4V showed that [3, 4] the magnitude (e.g., -16-27 MPa) of compres- 
sive residual stress may vary depending on the initial temperature (e.g., 
25-500°C) and the rate of cooling (e.g., variation in nature and composition 
of cooling media used during spraying of HAp powder) of the substrate. 

In addition, the utilization of the Raman piezospectroscopy technique 
paradoxically gave a residual stress of either a compressive (-60 MPa) or ten- 
sile (100 MPa) nature, depending on whether the plasma spraying of HAp 
powder was done in vacuum or in air [6]. Interestingly, the analytical models 
predicted [7] a tensile residual stress of -20-40 MPa for HAp coating on Ti, 
while the same was measured by the hole drilling method for a MAPS-HAp 
coating on Ti-6A1-4V to be two to four times as high, e.g., - 90 MPa [9]. 

On the other hand, the materials removal method [12] showed that com- 
pressive residual stress was -30-53 MPa on the top surface of the coating, 
increasing further (e.g., 48-78 MPa) toward the coating/substrate (e.g., HAp/ 
Ti-6A1-4V) interface. Recently, for fluoridated HAp/fS-TCP composite coating 
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TABLE 9.1 



Literature Status on Residual Stress of HAp Coatings 



Coating/Substrate 


Processing 

Route 


Method of Measurement 


Residual 
Stress (MPa) 


Reference 


F-HAp, 


SG 


XRD (sin 2 V|/, \| / = 90°) 


79-286 


[ 2 ] 


(3-TCP/Ti-6Al-4V 










F-HAp, 


SG 


a = (Aa x Af x £)/(l - v) 


50 


[ 2 ] 


|3-TCP/Ti-6Al-4V 










HAp / Ti -6 A1-4V 


MAPS 


XRD (sin 2 V|/) 


(-16) - (-18) 


[3] 


HAp / Ti -6 A1-4V 


MAPS 


XRD (sin 2 \|/) 


(-17) - (-27) 


[4] 


HAp / Ti -6 A1-4V 


MAPS 


Hooke's law + XRD (o = Ee) 


200-450 


[5] 


HAp / Ti -6 A1-4V 


HVOF 


Hooke's law + XRD (o = Ee) 


70-110 


[5] 


HAp / Ti -6 A1-4V 


MAPS 


Raman piezospectroscopy 


(-60) - 100 


[ 6 ] 


HAp/Ti 


MAPS 


Analytical model 


21^1 


[7] 


HAp / Ti -6 A1-4V 


MAPS 


XRD (sin 2 V|/) 


(-5) -(-17) 


[ 8 ] 


HAp / Ti -6 A1-4V 


MAPS 


Hole drilling 


88 


[9] 


HAp / Ti -6 A1-4V 


MAPS’ 1 ' 


Hooke's law + XRD (o = Ee) 


21 


[ 10 ] 


HAp / Ti -6 A1-4V 


MAPS 


Hooke's law + XRD (o = Ee) 


29 


[ 10 ] 


HAp / Ti -6 A1-4V 


MAPS 


XRD (sin 2 V|/) 


(-12.5) -(-29) 


[ 11 ] 


HAp / Ti -6 A1-4V 


MAPS 


XRD (sin 2 V|/) 


(-36) - (-78) 


[ 12 ] 


HAp / Ti -6 A1-4V 


MAPS 


Materials removal 


(-36) _ (- 53 ) 


[12] 


HAp/SS316L 


MIPS 


Nanoindentation 


(-22) 


[36] 






Hooke's law + XRD (c = Ee) 


(-11) 




HAp / Ti -6 A1-4V 


MIPS 


Nanoindentation 


11 


[36] 






Hooke's law + XRD (o = Ee) 


12 





Source: Reprinted /modified from Dey and Mukhopadhyay, Ceramics International, 40A: 1263- 
1272, 2014. With permission from Elsevier. 

Note: MAPS = macroplasma spraying technique, MIPS = microplasma spraying technique, 
HVOF = high-velocity oxy fuel spraying technique, LD = laser-assisted deposition tech- 
nique, SG = sol-gel technique, F-HAp = fluoridated HAp. 
a In vacuum. 

on Ti-6A1-4V substrate, Cheng et al. [2] estimated the tensile residual stress 
of -80-300 MPa by the XRD technique, while the same was estimated as 
50 MPa on the basis of difference in coefficient of thermal expansion. 

Thus, from the above discussions on pertinent reported literature 
(Table 9.1), it is noticeable that in spite of the wealth of literature, the data on 
the nature and magnitude of residual stress were not always so consistent. 
These apparent contradictions are yet to be resolved. Hence, more basic stud- 
ies are needed to explore in more detail the residual stress state in the plasma 
sprayed HAp coatings. 

It is important to further note in this context that the present authors have 
demonstrated [36] that the residual stress for MIPS-HAp coatings can be 
measured by utilizing a novel nanoindentation technique. 
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9.12 Residual Stress of MIPS-HAp Coatings 

In earlier chapters, we discussed individual advantages and disadvantages 
of MAPS and MIPS processed HAp coatings. We have seen that the crys- 
tallinity of the MIPS-HAp coatings is much higher than that of the MAPS- 
HAp coatings [44, 45]. Actually, possibly it happens due to lesser plasmatron 
power inputs of the microplasma spray process, which can reduce the chance 
of overheating of the molten splats that often pilots to amorphous or glassy 
phase formation in the HAp coatings prepared by the conventional high- 
power macroplasma spray technique. Due to the less amorphous phase, it 
can cause a corresponding enhancement of degree of crystallization of the 
HAp coatings developed by the MIPS technique. This improvement in crys- 
tallinity would undoubtedly assist to diminish the magnitude of residual 
stress. It will happen simply because the more properly the crystals are 
grown, the quicker the misfit strains shall reduce. Furthermore, it is already 
well documented that the porosity level of MIPS-deposited HAp coatings 
is much higher than that of the MAPS-HAp coatings [44, 45]. These porosi- 
ties in microstructure may further be active as a stress arrester, or in other 
words, act as a cushion to accommodate the misfit strains and in that way 
reduce the magnitude of residual stress. 

The residual stress of the as-sprayed MIPS-HAp coating was measured by 
the nanoindentation technique for the first time ever by the present authors 
[36]. This technique was originally developed for application to homo- 
geneous, dense material, and its application in the present work requires 
some clarification, explained above. By an extension of this method to the 
heterogeneous MIPS-HAp coating, it was initially assumed that within the 
very small spatial volume that the nanoindenter penetrates at an applied 
load of 10 mN, the coating is homogeneous. Another important point to be 
noted here is that nanoindentation measurements were done on the plan sec- 
tion of the MIPS-HAp coating. Thus, the residual stress estimated here refers 
to the in-plane condition rather than the out-of-plane condition. Further, 
in the strictest sense, the residual stress measured by the nanoindentation 
technique can also be considered as a local signature rather than as a global 
signature. In fact, the nanoindentation technique is possibly one unique 
method that can, in some way, map the local variation of residual stress in 
the microstructure. 

In the very recent work of Dey and Mukhopadhyay [36] it has been 
reported that for the MIPS-HAp coatings on SS316L and Ti-6A1-4V, the com- 
pressive residual stress of magnitude -21.74 MPa and tensile residual stress 
of magnitude -10.75 MPa, respectively, were measured by the nanoindenta- 
tion technique (Table 3). 

The corresponding projected area of contact (A 0 ) and the corresponding 
nanohardness ( H ) of the freestanding HAp coating were 8.40175 x 10 s nm 2 
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and 4.31 GPa, respectively. The freestanding coating or substrate-free HAp 
coatings were obtained by the substrate removal process by the surface 
grinding technique. 

It may be noted further that MIPS-HAp coatings on SS316L showed a pro- 
jected area of contact (A c ) of -8.22443 x 10 5 nm 2 , which was marginally less 
in comparison to that (A 0 ) of the freestanding HAp coating [36]. The corre- 
sponding nanohardness was also improved to -4.96 GPa, as A c was inferior 
to A 0 of the freestanding HAp coating. This behavior is expected according 
to Suresh and Giannakopoulos's hypothesis [20]. 

On the other hand, an opposite trend has been revealed for MIPS-HAp 
coatings on Ti-6A1-4V. Here it showed a comparatively higher projected area 
of contact ( A t ), e.g., -8.41180 x 10 5 nm 2 , which was superior to that (A 0 ) of the 
freestanding HAp coating. Accordingly, as expected [20], the corresponding 
nanohardness of the MIPS-HAp coatings on Ti-6A1-4V was also decreased 
to -3.77 GPa. According to Suresh and Giannakopoulos [20], the experimen- 
tally observed decrease of projected area of contact in the MIPS-HAp coating 
on the SS316L sample was a mark of the existence of a residual compressive 
stress nature in the surface. Likewise, the experimentally observed increase 
in the projected area of contact in the MIPS-HAp coating on the Ti-6A1-4V 
sample suggested the presence of a residual tensile stress state in the surface. 

Dey and Mukhopadhyay [36] have also established the efficacy of the 
nanoindentation technique by reevaluating the residual stress data by the 
conventional XRD method utilizing Hooke's law, and then comparing the two 
evaluated data sets on residual stress magnitude and nature. For freestand- 
ing HAp coating, the value of E„ was measured as 30 GPa [36]. The strain (e) 
values were calculated as [(d c - d 0 )/d 0 ], where (d) is the interplanner spacing 
of the coating and (d 0 ) is the interplanner spacing of the powder according 
to Equation (9.2). For MIPS-HAp coatings on SS316L substrates, a residual 
compressive stress of -11 MPa was evaluated. Likewise, the MIPS-HAp coat- 
ings on Ti-6A1-4V substrates showed a residual tensile stress of -12 MPa. It is 
further interesting to note that the magnitudes of these residual stress data 
were nearly similar to and of the order of the residual stress data measured 
by the nanoindentation technique. 

As reported in [36], the d value of the MIPS-HAp coating on SS316L sub- 
strate was less than that of the HAp powder (Ca/P-1.667, crystallinity (>80%)), 
while that of the MIPS-HAp coating on Ti-6A1-4V was superior to that of the 
same HAp powder. This information explains why the residual stress state 
was compressive in the MIPS-HAp coating on the SS316L sample, but altered 
to a tensile one in the MIPS-HAp coating on the Ti-6A1-4V sample. 

Dey and Mukhopadhyay [36] also showed that CTE of pure HAp (e.g., 
a ha p =11 x 10 6 K ’) was much superior to the CTE value of substrate SS316L 
(i.e., a ss = 18 x 10 6 Kr 1 ). Therefore, the state of residual stress was expected to 
be compressive in nature, which is indeed experimentally found. It could be 
argued in an analogous manner [36] that the CTE value of HAp was much 
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less than of the CTE of other substrate Ti-6A1-4V (e.g., a TA - 9 x 10 h K ') alloy. 
Thus, the nature of residual stress was expected to be tensile for MIPS-HAp 
coating on the Ti-6A1-4V substrate. 

It was demonstrated further that the magnitude and nature of residual 
stress estimated by the nanoindentation method matched well with those 
evaluated by the well-established XRD-based measurement method. Thus, 
the efficacy of the nanoindentation technique in evaluation of the residual 
stress state, as demonstrated in [36], would suggest that the utility of the 
method should be explored for other ceramic coating or thin-film systems. 

Finally, a critical look at the literature data collation presented in Table 9.1 
does indeed point out that, barring a few [3, 8, 11] exceptions, in general, the 
magnitude of residual stress in MIPS-HAp coatings was less than that pres- 
ent in MAPS-HAp coatings. As already discussed above, this can happen as 
both the degree of crystallinity and volume percent open porosity in MIPS- 
HAp coatings are higher than those of the MIPS-HAp coatings. 



9.13 Summary 

In this chapter, the aspect of residual stress of HAp coatings has been high- 
lighted. The origin of residual stress and why it is harmful for in vivo applica- 
tions have been explained. Several techniques and their merits and demerits 
for measuring residual stress have been discussed. The residual stresses 
of HAp coatings prepared by MAPS, MIPS, and other processes have been 
well documented, while the efficacy and applicability of the newly evolved 
nanoindentation-based technique were established by examining the resid- 
ual stress state in MIPS-HAp coatings deposited on Ti-6A1-4V and SS316L 
substrates. It was further demonstrated that the magnitude and nature of 
residual stress states estimated by the nanoindentation-based measurement 
technique matched well with those evaluated by the well-established XRD- 
based measurement technique. 

In vivo studies, i.e., animal trials of microplasma sprayed HAp coatings, 
will be discussed next in Chapter 10. The in vivo application of MIPS-HAp 
coatings in rabbit model, goat model, and dog model will be illustrated next. 
Results obtained from evaluations of serum calcium, inorganic phospho- 
rus and alkaline phosphatase, radiographic, histological, and fluorochrome 
labeling examinations shall be discussed. Further, the mechanical behav- 
ior of MIPS-HAp coatings after in vivo implantation will be described in 
Chapter 10. 
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10.1 Introduction 

This chapter will tell us the about the real-life implantation possibility of 
the MIPS-HAp coating as a new genre of bioactive material. Here, we will 
discuss the MIPS-HAp-coated Ti and SS3161 implants in the rabbit model, 
goat model, and the dog model. We will also emphasize the biochemical, 
histological, radiographic, and fluorochrome labeling studies on MIPS-HAp- 
coated intramedullary metallic, i.e., SS3161, pins for fracture repair of sur- 
gically created artificial defects in the tibia of New Zealand white rabbits, 
in particular. The idea behind presentation of these exciting new results is 
to create further motivation for future researchers to advance the MIPS-HAp 
coating technology toward the human trial in days to come following, of 
course, all the mandatory ethical as well as technological issues that may 
need to be overcome within a reasonable time frame and with resources as 
deemed appropriate. 



10.2 Rabbit Model 
10.2.1 Intramedullary Pinning 

Before we can go into the details of intramedullary pinning, we need to 
know what it actually means. Well, simplistically speaking, it is one of the 
most commonly and conveniently used fracture fixation techniques. The basic 
idea that works behind this technique is provision of stability to long bone 
fractures, especially in animals [1, 2]. One of the major advantages of such 
a pinning procedure is that such implants can be removed with relative 
ease following the time when the fractured zone has healed up. However, 
as the saying goes, life is not always full of roses. It cannot be. Therefore, 
this simple pinning technique comes not only with its gains or advantages. 
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but also the disadvantages or demerits of the same. One major disadvantage 
is that in this case, the stability of the fracture-managed part improves, but 
only slowly. As a result, the return-back path time to the normal function 
of the affected limb also becomes a little bit longer than what would have 
made us happy. A consequence of these two steps is that post-operative care 
following this type of pinning has to be much more than what is typically 
required for other, more conventional types of internal fixation techniques. 
There can be delayed union or even nonunion of the separated parts of the 
bone. This, of course, would be a rare situation. The other such extreme situ- 
ation may, at least in principle, involve excessive flexibility, pin deformation, 
fatigue fracture, or even migration of the pin. To overcome such situations, 
basic research in the fracture healing is essential to determine the optimum 
quality of materials, as well as the geometry and structural properties of 
fixation devices. From the material science point of view, the most lovable or 
ideal situation will certainly be the development of such a composite mate- 
rial that can mimic the natural bone, both composition-wise and mechanical 
property-wise. 

Is there any material that can exactly mimic bone? The answer to this ques- 
tion may not be affirmative as of now. Nevertheless, a large number of materi- 
als do exist that in some way or other either mimic a part of a bone or provide 
some extraordinary technological or biological advantage. Thus, a host of 
materials have the capability to fill and reconstruct bone defects. At least in 
principle, the list may include a variety as wide as, but not necessarily lim- 
ited to, polymers, bioactive glasses and bioceramics, collagen, metals, metal 
alloys, carbon-based materials, and possibly composite formulation of these 
materials. For instance, the bioactive ceramics have two unique advantages. 
They can act both osteoinductively and osteoconductively. Another unique- 
ness of bioactive ceramics is that they can also act as a scaffold. Such a mate- 
rial can and really does enhance bone formation on its surface. Therefore, it 
is possible to take advantage of this scenario. Such bioactive ceramics can 
then be conveniently used as a coating on various substances. Also, they 
could be utilized in porous form to fill bone defects. 

Thus, it is only natural that during the past two decades there has been 
almost a dramatic increase in the research and development on bioceramic 
materials. It is already well known that the primary inorganic component 
of bone is hydroxyapatite (FIAp). In turn, FIAp belongs to the calcium phos- 
phate group. Moreover, it is further known that calcium phosphates are 
osteoconductive, osteointegrative, and in a few cases, osteoinductive. That 
is why calcium phosphate FIAp, etc., bioceramics are most useful for the cor- 
tical part of the bone structure. Whenever an internal fixation is achieved 
through the use of metallic biomedical implants, there is more often than not 
a chance of implant loosening/migration, as mentioned many a times ear- 
lier in the chapters of this book. A completely satisfactory solution to these 
problems is yet to emerge. In other words, implant performance failure due 
to loosening or migration is an unresolved issue that deserves the highest 
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possible attention from both perspectives of patient satisfaction and patient 
comfort. The genesis of this problem lies at the bone-implant interface. 

Therefore, to overcome this problem, the bone-implant interface is modified 
by using especially hydroxyapatite, (3-tricalcium phosphate and its composite 
coatings to provide improved osseointegration [3-6]. Thus, as mentioned ear- 
lier, the coating of intramedullary metallic pins with HAp, tricalcium phos- 
phate (TCP), etc., is a commonly used fracture fixation technique to provide 
stability to long bone fractures [1, 2, 7-10]. Their choice is guided by the fact 
that they can provide easier ingrowth of bony tissues [11, 12]. 

Junker et al. [13-15] recently made a very significant effort in bone fracture 
fixation. They have used microplasma sprayed (MIPS) calcium phosphate- 
coated Ti implants in goat and dog. However, to the best of our knowledge, 
the work reported by Dey and coworkers [16], as described in this book, is 
the first comprehensive report on the comparative healing performance effi- 
cacies of uncoated intramedullary SS316L pins and MIPS-pure HAp-coated 
intramedullary SS316L pins. Thus, this work in reference has attempted to 
fix bone defects in New Zealand white rabbits using the aforesaid intramed- 
ullary pinning arrangements. 

Surgical-grade SS316L intramedullary pins were coated by the optimized 
MIPS technique [16]. Prior to in vivo animal trials, the actual uncoated pins 
and pins coated by MIPS-HAp are shown in Figure 10.1a and b, respectively. 
The present study was carried out following the procedures conforming 
to the standards of the Institutions Animal Ethical Committee of the West 
Bengal University of Animal and Fishery Sciences, Kolkata, India. In this 
present in vivo investigation, 18 healthy and adult New Zealand white rabbits 




FIGURE 10.1 (See color insert.) 

SS316L intramedullary pins: (a) uncoated and (b) MIPS-HAp coated. 
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FIGURE 10.2 (See color insert.) 

Progressive steps (marked as arrows from right to left) of implantation of MIPS-HAp-coated 
intramedullary pin into the New Zealand white rabbit: deliberate creation of defect by micro- 
drilling, closing muscle layers, and closure out of the skin. 

of 12-15 months age and either sex and weighing ~2.5 kg were utilized. For 
the present rabbit model, the following protocol was used: 

1. Routine preoperative preparation. 

2. Rabbits were anaesthetized using a combination of xylazine hydro- 
chloride and ketamine hydrochloride anesthesia. This standard pro- 
cess was described by Sedgwick [185] earlier. 

3. Shaving of the hair. 

4. A rectangular tiny defect was deliberately created in the cortical 
bone by an electrically operated micromotor-based dental drill. 

5. Then intramedullary pins were implanted within the medullary cav- 
ity of the tibia of rabbits as per the procedure reported by DeYoung 
and Probst [1] and Olmstead et al. [2], 

6. Chromic catgut (3/0) was utilized for closing incisions, and skin of the 
rabbits was sutured with silk (3/0) as per routine surgical protocol. 

7. The wound was covered with a protective dressing and bandages. 
Routine dressing of the wound was done on the 3rd day onward, on 
alternative days up to the 7th day post-operatively; subsequently, the 
skin sutures were eradicated on the 10th day after the operation. The 
steps of the surgery processes are shown in Figure 10.2, depicting 
defect creation, insertion of the metallic pins, and closing of the skin 
by stitching. 

10.2.2 Visual Observation 

Bone defect or fracture repair ability and the signs of local inflammatory reac- 
tions, if any, were observed up to the 60th post-operative day. Mild swelling 
was observed at the surgery site. However, by the 10th post-operative day, 
it subsided gradually and returned to normalcy. In the cases of both MIPS- 
HAp-coated implants and bare uncoated implants, there were exhibitions 
of apparent lameness in the immediate post-operative period, as expected. 
The lameness, as well as transient inflammatory response observed in the 
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immediate post-operative period, can be plausibly argued to be due to surgi- 
cal and operative trauma. Further, as post-operative days gradually passed 
one after another, the lameness disappeared. This information indicates 
that the inflammation had subsided and the defect/fracture site had become 
stable. These observations were similar to those reported in the cases of 
the rabbit model and dog model [17, 18]. Now, we want to highlight another 
important finding. It is to be emphasized that in the present study, no toxicity 
was elicited. It can be inferred from this that the inserts were well accepted 
by the body without any undesirable effect. 



10.2.3 Studies of Serum Calcium, Inorganic Phosphorus, 
and Alkaline Phosphatase 

10.2.3.1 Serum Calcium 

The amounts of serum calcium, inorganic phosphorus, and alkaline phospha- 
tase were evaluated in the present study on operative day 0 to post-operative 
day 60 to investigate the degree of inflammation and progress of bone healing 
or reconstruction. The experiments were conducted following [19-21]. 

Changes in serum alkaline phosphatase (ALP) activity (IU/L) at different 
durations of fracture healing for animals inserted with uncoated and MIPS- 
HAp-coated pins are shown in Figure 10.3a. The present study showed sig- 
nificant changes in serum alkaline phosphatase activity (IU/L) at different 
durations of bone fracture healing in rabbits inserted with both uncoated 
and MIPS-FIAp-coated pins. A look at these data confirms that the serum 
ALP level increased significantly on the 15th post-operative day, while it 
decreased gradually to normal after the 60th post-operative day. This hap- 
pens because the osteoblast heals through osteogenesis [22] after secreting 
alkaline phosphatase enzyme [23]. Further, the extent of rise of serum ALP 
happened due to the different rates of osteogenesis as per quantitative and 
qualitative activity of osteoprogenitor cells. Thus, there was initially an 
enhanced activity of osteoblast. It had led to increased ALP activity up to the 
15th post-operative day. Following this period, slowly afterwards the ALP 
activity gradually returned to normal when callus formation had ceased [24]. 



10.2.3.2 Inorganic Phosphorus 

The changes in serum calcium estimation (mg/dl) at different durations of 
fracture healing for rabbits inserted with uncoated and MIPS-FIAp-coated 
pins are shown in Figure 10.3b. The data showed no significant changes in 
serum calcium level (mg/dl) throughout the study period. These data would 
strongly suggest that fracture healing had nothing to do with serum calcium 
level, as also opined by Speed [25] and Pandey and Udupa [26]. The present 
observations, however, were different from those reported by Suryawanshi 
et al. [27], who found an increase in serum calcium level after fracture. 
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FIGURE 10.3 (See color insert.) 

Changes in (a) serum alkaline phosphatase activity (IU/L), serum calcium estimation (mg/dl), 
and serum phosphorous level (mg/dl) at different durations of fracture healing for animals 
inserted with uncoated and MIPS-HAp-coated pins. (Reprinted/modified from Dey et al.. 
Ceramics International, 8: 1377-1391, 2011. With permission from Elsevier.) 

Nevertheless, it was found that up to the 15th post-operative day, in all the 
rabbits there was a insignificant reduction in serum calcium values. It may 
be plausibly argued that this could be due to increased urinary excretion 
after injury that was definitely a traumatic experience for the bone [27]. 



10.2.3.3 Alkaline Phosphatase 

Changes in serum phosphorous level (mg/dl) at different durations of frac- 
ture healing for animals inserted with uncoated and MIPS-HAp-coated pins 
are shown in Figure 10.3c. Like serum calcium estimation, here also the data 
on the serum phosphorus level (mg/dl) showed no significant changes with 
number of post-operative days passed during the process of fracture healing. 
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Other researchers, however, have reported an increase in serum phosphorus 
level during early stages of fracture healing due to enhanced mineralization 
[26-28], as well as necrotic disintegration of the cells at the fracture site [27], 



10.2.4 Radiographic Evaluation 

Radiographs (anterioposterior (A/P)) were studied before, immediately on, 
and after the implantation to understand the status of implant, soft tissue 
response, and formation of new bone. Radiographic observation at the frac- 
ture site, taken at the 0 and 60th days post-operatively for the MIPS-HAp- 
coated pins, are shown in Figure 10.4a and b, respectively. A radiolucent 
rectangular cortical defect on the proximal third of the tibia was seen on 
the day of operation, i.e., day 0. A uniformly dense margin of the pin mar- 
gin, along with details, was distinctly observable. However, bony defect was 
not visible on radiograph on the 60th post-operative day. Further, a better 
organized and compact appearance of the newly formed osseous tissue 
was noticeable. 




(a) (b) 



FIGURE 10.4 (See color insert.) 

Radiographic observation at the fracture site, taken at (a) 0 and (b) 60 days post-operatively 
for the MIPS-HAp-coated pins. The arrow in (a) indicates the artificial defects created in bone, 
and the arrow in (b) indicates the complete annihilation of the bone defect by newly formed 
osseous tissue, and thus established cortical continuity. (Reprinted/modified from Dey et al.. 
Ceramics International, 8: 1377-1391, 2011. With permission from Elsevier.) 



210 



Microplasma Sprayed Hydroxyapatite Coatings 




(a) (b) 



FIGURE 10.5 (See color insert.) 

Histopathology photomicrographs of (a) uncoated and (b) MIPS-HAp-coated pins inserted in 
rabbits. (Reprinted/modified from Dey et al v Ceramics International, 8: 1377-1391, 2011. With 
permission from Elsevier.) 

10.2.5 Histological Observations 

Bone samples were collected from both defect-induced and normal areas of 
the animals for histological investigation. This was done on the 60th post- 
operative day. In a routine manner, the decalcified tissues were processed. 
The sections cut were about 4 pm in size. These sections were stained with 
hematoxylin and eosin. This was done to observe the matrix formation 
and conditions. 

Histopathology photomicrographs of uncoated and MIPS-HAp-coated 
pins inserted in rabbits are shown in Figure 10.5a and b, respectively. The 
section showed cancellous bone and well-developed marrow spaces in the 
uncoated group. Osteoblasts had lined the bone lamella. Adipose tissue with 
marrow material had composed the marrow cavity. This might be due to the 
fact that the inserted uncoated, i.e., inert intramedullary pins form a fibrous 
tissue capsule but not a chemical bond with tissues [29]. In contrast, a com- 
plete ossification with developed Haversian canals and well-defined periph- 
erally placed osteoblasts was exhibited by the MIPS-HAp-coated group 
[30-32], as the calcium phosphate coatings had not only improved bone 
bonding but also promoted more rapid osseointegration. Well-developed 
blood vessels were found in Haversian spaces. These spaces had very little 
marrow. The lamellar cortical bone also contained few particles of nonab- 
sorbed biodegradable material. Some retractile crystalloid structures were 
also seen in the marrow space. 



10.2.6 Fluorochrome Labeling Study 

Several methods exist to examine newly formed bone using specific bone 
markers and labeling techniques [33, 34]. The tetracycline labeling method 
was introduced to measure the quantity of newly formed bone as the 
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tetracycline molecule exhibits a fluorescence property in ultraviolet light. 
Oxytetracycline follows the ionized calcium and the fixation by a process of 
adsorption, which is restricted to areas where active deposition of mineral- 
ized tissue is taking place [35]. The labeled new bone and old bone emitted 
bright golden yellow and dark sea green fluorescence, respectively. These 
parts provide immense value in studying gross bone architecture and his- 
tological mapping of new bone formation using fluorescent bone markers. 
In the present study, oxytetracycline at a dose of 50 mg.kg 1 of body weight 
(2-6-2 pattern) before the end of the study was proved to be sufficient to 
quantify the extent of new bone formation. 

In the present study, fluorochrome was observed by injecting oxytetra- 
cycline dehydrate (Pfizer India, India) intramuscularly, at a dose rate of 
50 mg/kg of body weight on days 48, 49, and later after 6-day intervals on 
days 55 and 56 (2-6-2 manner) post-operatively for double toning of new 
bone. Undecalcifled ground sections were prepared from the implanted seg- 
ments of bone and were ground to 20 pm thickness using different grades of 
sandpaper. The ground-undecalcified sections were observed under ultra- 
violet incidental light with an Orthoplan microscope (excitation filter, BP = 
400 range; Leitz, USA) for tetracycline labeling to determine the amount and 
source of newly formed bone. 

Fluorochrome photomicrographs of uncoated and MIPS-HAp-coated pins 
inserted in rabbits are shown in Figure 10.6a, b. In the uncoated group, when 
viewed under fluorescent light, the ultraviolet light imparted a double-toned 
golden yellow fluorescence as tetracycline marked the new bone. This golden 
yellow fluorescence was present as a narrow area in the defect site, whereas 
the host bone appeared in a dark homogeneous sea-green color. The defect 
was completely filled with newly formed cancellous bone and appeared as a 
homogeneous nonfluorescent area. Union in the defect site of the bone was 
complete in most of the animals. In the MIPS-HAp-coated group, under 
fluorescent microscope, the defect was visualized as a line of golden yellow 




FIGURE 10.6 (See color insert.) 

Fluorochrome labeling study: photomicrograph of (a) uncoated and (b) MIPS-HAp-coated pins 
inserted in rabbits. (Reprinted/modified from Dey et al.. Ceramics International, 8: 1377-1391, 
2011. With permission from Elsevier.) 
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fluorescence, whereas the host bone appeared as a homogeneous dark sea- 
green color. In this group, the activity of new bone formation was marked. 
Within this new osteoid tissue, which completely filled the bone defect, 
crossing over of new bone trabeculae was evident. Few resorption cavities 
were also present. 

Most of the bone defects were occupied by a homogeneous nonfluorescent 
area in rabbits of the uncoated group. This observation suggests that in this 
case, there was very little amount of new bone formation that had happened. 
In the coated group, however, the golden yellow fluorescence in a narrow area 
was observed. This observation suggests that new bone formation had taken 
place in the defect site of the host bone. These observations are similar to those 
of Singh [18] and Nandi et al. [36, 37], There was also the additional presence 
of resorption cavities. This particular observation suggests that the resorption 
and replacement of the bone were happening simultaneously. In addition, the 
very presence of the resorption cavities would also indicate the initiation of 
the most important process of bone remodeling [36, 37] at the defect site. 



10.3 Goat Model 

In fact. Junker and his coworkers [13] studied in vivo properties in the goat 
model for the first time for MIPS-coated CaP coatings. Calcium phosphate or 
CaP bioactive ceramic coatings on screw-type Ti implants had been devel- 
oped by Junker and his coworkers [13]. Subsequently, they were implanted 
into trabecular bone of the femoral condyles of female Saanen goats. The 
ages of the goats were 2-4 years. Their weight was around 60 kg. All pros- 
thesis was sterilized by autoclaving before proceeding for further implanta- 
tion. Bone fixation properties had been investigated after 6 and 12 weeks 
after the implantation. They [13] concluded that in repair of bone defects, 
MIPS CaP-coated Ti implants were as efficient as macroplasma sprayed 
(MAPS) CaP-coated Ti implants. It is interesting to note that the usage effi- 
cacy of conventional MAPS-coated implants for repair of bone defect in goat 
models has been already well studied by several researchers [38-40]. 

10.3.1 Visual Observation 

All the goats that were implanted had remained in good health after implan- 
tation with the MIPS-coated CaP ceramic. To perform other studies, like 
histological and mechanical properties, the goats were sacrificed at a later 
stage. But even at that later stage, no signs of inflammation or wound due to 
implantation surgery were found [13]. 
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10.3.2 Mechanical Behavior 

Further, Junker et al. [13] had evaluated the failure load, i.e., bone bonding 
strength, of the interface between the coating and bone. A specially designed 
fixture (tensile bench) had been utilized for the same. This special fixture 
was designed and developed following the work reported by Hulshoff 
et al. [41]. The specimens in the tensile bench were tested at a constant dis- 
placement speed of 0.5 mm.min 4 . After 6 weeks, MIPS CaP-coated metallic 
implants showed better failure strength (e.g., 135-137 N.cm ') in compari- 
son to the failure strength (e.g., 128 N.cm 4 ) of the conventional MAPS CaP- 
coated metallic implants. In contrast, the bare metallic implants showed 
significantly poor results, e.g., bonding strength of 43 N.cm 4 . Further, 
after 12 weeks of implantation, the failure strength of the MIPS CaP-coated 
metallic implants showed a minor improvement, and the trend of the data 
for MAPS- and MIPS-coated implants was similar, as discussed earlier. 
Flowever, a significant improvement (e.g., bonding strength of 76 N.cm 4 ) 
had been seen in the case of the bare metallic implant. The scanning elec- 
tron microscopy (SEM) photomicrographs of the fractured surfaces for 
uncoated and MIPS CaP-coated interfaces are shown in Figure 10.7a and b, 
respectively. Flere we can see that the failure took place only at a region 
of CaP coating and host bone interface, instead of at the coating-metallic 
implant interface. This information again implies that in terms of coating 
bonding strength or adhesion property, the reliability of MIPS CaP-coated 
metallic implants is beyond question and definitely acceptable as a promis- 
ing area for further research and development. 



10.4 Dog Model 

Apart from making contributions in the goat model. Junker et al. [14, 15] had 
also studied the bone formation characteristic in vivo in the dog model. The 
MIPS-CaP-coated dental implants were utilized for this purpose. They have 
shown short-term stability of MIPS CaP-coated implants. The MIPS-CaP 
coatings were deposited on a screw-type Ti dental implant. Subsequently, it 
was implanted in Beagle dogs 4-5 years in age and with an average weight of 
~10 kg. The protocol that had been adopted in this study had been ethically 
approved by the Committee for Animal Research of the Radboud University 
Nijmegen Medical Center. For MIPS-CaP-coated Ti implant materials, the 
response for osseointegration and bone formation was found to be favorable. 
This information again suggests the promising possibilities of the MIPS- 
coated metallic implants for human trials in days to come. 
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FIGURE 10.7 

Microstructures of (a) uncoated and (b) MIPS-coated CaP bioceramic. (Reprinted/modified 
from Junker et al.. Clinical Oral Implants Research, 21: 189-200, 2010. With permission from Wiley.) 



Junker and his coworkers [13-15] utilized CaP coatings, which had a com- 
paratively lower crystallinity (e.g., 67-80%) and reported a reduction of coat- 
ing thickness due to the dissolution of the amorphous phase between the 
remaining crystalline coating particles of HAp and the presence of other 
calcium phosphate phases in the coating composition. However, the work 
of Dey and coworkers [16] utilized highly crystalline (80-91%) and phase- 
pure HAp. 
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10.5 Summary 

Here we have presented for the very first time a study on the comparative 
healing performance efficacies of uncoated and MIPS-pure HAp-coated 
intramedullary SS316L pins for bone defect fixation in New Zealand white 
rabbits. The results of the biochemical, histological, radiographic, and flu- 
orochrome labeling studies proved more bone bonding and osseointegra- 
tion in HAp-coated metallic pins leads to complete bone defect healing that 
is not possible to attain with the uncoated metallic pins. In other words, 
MIPS-HAp-coated intramedullary SS316L pins have bone healing perfor- 
mance efficacy much superior to that of uncoated metallic pins. The superior 
efficacy of the MIPS-HAp-coated metallic implants matched the results of 
additional research conducted by other researchers in goat and dog mod- 
els. Thus, it may be suggested that MIPS-HAp-coated or CaP-coated metallic 
implants may have a very promising future for bone defect repair, along 
with the golden possibility for human trials in days to come. 

The future scope and possibilities of plasma spraying, with particular 
emphasis on MIPS-HAp coatings, will be explored in Chapter 11. It will be 
shown in Chapter 11 that this technique has the capability to emerge as a 
potential deposition technique for developments of HAp and HAp compos- 
ite coatings on complex and contoured implants for human beings. Finally, it 
will be shown how MIPS-HAp coatings can be deposited on a C/C composite. 
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11 

Future Scope and Possibilities 



In this chapter, the scope of future work is discussed. Here, we want to show 
the new possibilities of the microplasma spraying (MIPS) process in the bio- 
medical field. 



11.1 MIPS-HAp Coating on Complex and Contoured Implants 

In the previous chapters, we showed that the microplasma spraying method 
has proved to be more efficient in terms of retaining a high degree of crys- 
tallinity after the spraying, phase purity, and possessing of high porosity 
level without compromising the macro- as well as micromechanical proper- 
ties, e.g., nanohardness and Young's modulus. It has a unique microstructure 
to enhance the toughness and, to a relative extent, hinder the brittle crack 
propagation. It also shows no signature of large-scale delamination or rup- 
ture in a severe dynamic contact situation. In vitro followed by in vivo study 
established that the microplasma sprayed hydroxyapatite (HAp) coating also 
has the ability to heal bone defects in the animal model. Therefore, the MIPS- 
HAp coating has established its potential for future application to human 
beings for bone defect healing and also stable cementless fixation. Further, 
in comparison to macroplasma spraying (MAPS), the MIPS process can lead 
to achievement of better properties in terms of crystallinity, phase purity, 
porosity, and reduction of residual stress. 

The research group at CSIR-Central Glass and Ceramic Research Institute 
(CGCRI), Kolkata, has already started the initiative for a human trial with 
the MIPS-HAp-coated metallic stems. Typical examples of HAp-coated 
complex-shaped metallic (such as SS316L, Ti-6A1-4V, etc.) implants coated by 
the microplasma spraying technique are shown in Figures 11.1 to 11.3 [1]. The 
MIPS technique was also able to coat the small implants for dental applica- 
tion (Figure 11.1), as well as the comparatively large complex-shaped stems 
in different size ranges for hip implantation (Figure 11.2) and its components, 
e.g., an acetabular shell (Figure 11.3). 
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FIGURE 11.1 (See color insert.) 

MIPS-HAp-coated Ti-6A1-4V dental implants (screw). 




FIGURE 11.2 (See color insert.) 

Before (grit blasted) and after MIPS-HAp coating on different-shaped SS316L hip implants 
(length, 155 mm for largest size, 140 mm for smallest size). 
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FIGURE 11.3 (See color insert.) 

Before and after MIPS-HAp coating on SS316L acetabular shell (outer diameter, 48.35; inner 
diameter, 39.75 mm). 



11.2 MIPS Coating of Other Calcium 
Phosphates (TCP, BCP, etc.) 

The other calcium phosphates, such as tricalcium phosphate (TCP), biphasic 
calcium phosphate (BCP), etc., could also be coated on metallic implants for 
patient and problem-specific application purposes. The surface reactivity of 
TCP is the highest, followed by that of BCP and then HAp. Therefore, if any 
specific medical case demands fast resorption, then coating of TCP would 
be the best choice, and for comparatively controlled resorption, BCP coat- 
ing would be used. Further, the MIPS-TCP coating also showed promising 
properties in both in vitro and in vivo trials. This was recently also reported 
from our group [2]. However, more research should be carried out for the 
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FIGURE 11.4 (See color insert.) 

MIPS-TCP-coated intramedullary pin. (Reprinted/modified from Dey et al.. Ceramics 
International, 8: 1377-1391, 2011. With permission from Elsevier.) 

systematic micromechanical as well as macromechanical characterization. 
A typical example of a MIPS-TCP-coated intramedullary pin is shown in 
Figure 11.4 [2]. 



11.3 MIPS-HAp Coatings on C/C Composites 

The Young's moduli of the metallic implants are always higher than that 
of the bone, which can often cause the stress shielding effect [3]. Moreover, 
the high density of metallic implants ultimately produces a heavy load on 
the parent bone. C/C composites having values of modulus, hardness, and 
density very near to those of bone are a promising replacement material for 
metallic implants. Research on the MIPS-HAp coating on the C/C compos- 
ite would be another promising subject for future possibility HAp coatings 
on C/C composite substrates were already developed by Sui et al. [4, 5] and 
Xin-bo et al. [6] by both MAPS and electrochemical deposition methods. The 
MAPS-HAp showed superior shear strength values. For example, MAPS- 
HAp coating deposited with higher power (45 vs. 25 kW) showed much 
higher shear strength values (e.g., 7.4 vs. 2.1 MPa). HAp coatings on C/C 
composites were also developed by the electrochemical deposition method 
[6]. However, a nanoindentation study of HAp coatings on C/C has yet to be 
explored. The present authors [1] developed MIPS-HAp on C/C composite 
substrate. The microstructure of a polished cross section of MIPS-HAp coat- 
ing on the C/C composite substrate is shown in Figure 11.5. The initial data 
on MIPS-HAp coating on C/C composites also showed good micromechani- 
cal properties. The nanohardness and the reduced modulus were found as 
6.15 ± 1.72 GPa and -130.2 ±1 8.1 GPa, respectively, from the nanoindentation 
test at 1000 pN load. More research work should be carried out to prove its 
efficacy in both in vitro and in vivo trials. 
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FIGURE 11.5 

Microstructure of a polished cross section of the MIPS-HAp coating on the C/C composite 
substrate. 



11.4 Second Phase Incorporation in HAp Coatings 

To improve the mechanical properties, in particular fracture toughness, 
researchers have incorporated second phases with HAp, e.g., yttria-stabilized 
zirconia (YSZ) [7-9], titanium dioxide [10, 11], carbon nanotube (CNT) [12], 
and fluorine [13]. 

Incorporation of CNT in HAp deposited by the MAPS method showed 
improvement of fracture toughness from 0.39 MPa.m 0 - 5 for pure HAp to 
0.61 MPa.m 05 for the HAp-CNT composites [12], along with a concomitant 
improvement in crystallinity from -54% for pure HAp to -80% for the HAp- 
CNT composites. However, even without incorporation of a second phase, 
the pure MIPS-HAp coating showed a higher toughness of 0.6 MPa.m 0 5 (as 
mentioned in Chapter 7) and a crystallinity of -81% that could be raised to 
as high as -92% following post-deposition heat treatment (as mentioned in 
Chapter 4). However, the most important point was that in cell culture stud- 
ies with human osteoblast hFOB 1.19 cells, the HAp-CNT composite coatings 
showed a satisfactory result [12]. 

Fu and his coauthors [7-9] worked on deposited by the MAPS technique 
to improve not only toughness but also hardness, HAp-YSZ composite's 
modulus, and bonding strength properties of HAp-based coatings. The 
toughness improved from 0.55 MPa.m 05 to about 1.1 MPa.m 05 , along with 
some improvement of both hardness and bonding strength for the HAp-YSZ 
composites [9]. It was further reported by the same group that enhancing 
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the amount of YSZ in the HAp-YSZ composite, the toughness could even 
be hiked to 1.5 MPa.m 0 ' 5 [7]. The toughness of these HAp-YSZ composites 
appeared to also be sensitive to the process used to mix the starting YSZ and 
HAp powders [8]. 

Li et al. [10, 11] reported that the incorporation of TiO z in HAp by the high- 
velocity oxy fuel (HVOF) technique can also enhance the fracture tough- 
ness and shear strength properties. The toughness value was increased from 
0.48 to 1.67 MPa.m 05 as TiO z was incorporated in HAp [10]. However, their 
data further suggest that a trade-off point exists between enhancements in 
toughness. Young's modulus, and bonding strength, on the one hand, and 
the amount of Ti0 2 that can be added as reinforcement, on the other. 

It has been reported for sol-gel dip-coated fluorine-doped HAp coating [13] 
that both fracture toughness (0.31 MPa.m 05 ) and bonding strength (27 MPa) 
properties are enhanced with respect to those (0.12 MPa.m 0 5 and 19 MPa) 
measured for the undoped or pure HAp coatings. The development of MIPS 
composite HAp coatings has yet to be explored, and hence may provide 
ample scope of future research and development in this area. 



11.5 Nanostructured Plasma Sprayed HAp Coating 

It is very difficult to deposit nanostructured powders directly by any ther- 
mal spraying method, as the nanostructured powders have a tendency to 
agglomerate. In the plasma spraying or thermal spraying technique, free- 
flowing powder is required. But as it agglomerates, it is almost an impos- 
sible task to make plasma spraying with a nanostructured powder. To 
overcome this limitation, the starting nanostructured HAp particles were 
processed as micron-size granules, and thus it was possible to make plasma 
spraying of these granules, as they could flow freely. Figure 11.6a showed 
the typical microstructure of spray-dried spherical-shaped HAp powder of 
several microns in size, while the higher-magnification field emission scan- 
ning electron microscopy (FESEM) image presented in Figure 11.6b showed 
how the nanosize particles consolidated and ultimately form a micron-size 
granule, shown in the lower-magnification image presented in Figure 11.6a. 
Development of MAPS sprayed HAp coatings from nanostructured HAp 
granules was reported by Renghin et al. [14] and Han et al. [15]. Further, 
Zakeri et al. [16] reported development of MAPS HAp-TiO z composite coat- 
ings, starting from the composite form of powder granule of nanostructured 
HAp-Ti0 2 . Further, utilizing liquid precursor, deposition of HAp by the liq- 
uid precursor plasma spraying (LPPS) process was also reported by Huang 
and his coworkers [17, 18]. In fact, the LPPS process demonstrated excellent 
control on the coating microstructure by simply adjusting the solid content 
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FIGURE 11.6 

Spray-dried nanostructured HAp powder in (a) granule form and (b) higher magnification 
showing nanostructured HAp particles. 



of the HAp in the liquid precursor. The beauty of the LPPS process lies in that 
both almost fully dense and highly porous HAp coatings can be obtained by 
it. However, there is no report yet of an attempt where the MIPS is married 
to the LPPS process; i.e., a low plasmatron power, as used in MIPS, is uti- 
lized for the LPPS process. Therefore, this can be another area of prospective 
future research with the possibility of a high payoff, if successful. Another 
prospective area is MIPS of granules with nanostructured HAp particle or 
nanostructured HAp second phase composites. If successful, this technique 
can take advantage of the greenness of the MIPS process, on the one hand, 
and the nanocomposite design philosophy, on the other, thereby providing 
the future possibility for development of harder, stronger, tougher, and more 
reliable bioactive ceramic coatings by the MIPS process. 

Finally, conclusions of this book are documented in Chapter 12. 
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Conclusions 



The major emphasis of Chapter 1 was put on two aspects: the different types 
of (1) biomaterials and (2) bioactive materials. In the process, we also high- 
lighted what exactly is meant by biocompatibility, and why we need bioma- 
terials to be biocompatible. Gradually, the discussion zeroed in to focus on 
bioactive ceramics, and especially on the bioactive ceramic material hydroxy- 
apatite (HAp). Finally, we emphasized its usage as a bioactive ceramic coat- 
ing. In addition, a glance was made at natural biomaterials like bone and 
teeth. It was shown, in a nutshell, how both of these natural biomaterials 
possess hierarchically designed functionally graded microstructures that 
not only span from a nanometer to a meter order of dimensions, but also 
help to perform multiple, repetitive, simultaneous, and predefined actions 
in a smart and intelligent manner. The idea of such a natural nanobiohybrid 
composite was finally shown to transgress into both the need and challenges 
involved in the development of surface-engineered biometallic implants. 

Chapter 2 was dedicated to describe the basics of the plasma spraying pro- 
cess. It was a major focus to elucidate what is the macroplasma spraying 
process and what is the microplasma spraying process. The role of the plas- 
matron power on the development of coating was identified in connection 
with the illustration of how a coating formation physically takes place on 
a given substrate, and how the growth of the coating along the thickness 
direction happens by this process. The next point of focal attention was to 
describe what the relative advantages of the microplasma spraying (MIPS) 
process over the macroplasma spraying (MAPS) process are, and what the 
geneses of such advantages are. The major part of the following discussion in 
this chapter was naturally dedicated to two most important aspects: (1) the 
uniqueness of the MIPS process as a coating manufacturing technique and 
(2) its application. Additional, yet very important, information that was 
offered in this chapter was a brief, yet as far as possible complete, picture of 
the other, more well-known coating techniques, and a comparative narration 
of their relative merits and demerits. 

Chapter 3 had a specific focus on HAp coatings and their applications. 
At first, the plasma spraying parameters of interest were identified. Next, 
a detailed discussion was presented on the influence of plasma spraying 
parameters on the characteristics of HAp coatings. To the researcher and the 
manufacturer, a major concern of practical interest is which coating process, 
e.g., a low-temperature-based process or a high-temperature-based process, 
is to be chosen for a given end application. Therefore, the relative merits and 
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demerits of high-temperature and low-temperature-assisted HAp coating 
deposition processes were critically analyzed. However, it is well known that 
in any given field, knowledge of the most current state-of-the-art situations 
is an absolute must to proceed further. Hence, the state-of-the-art scenarios 
of the nanostructured HAp coatings, HAp composite coatings, and doped 
HAp coatings were described, with an analysis of their relative limitations 
and advantages. Finally, with a view to highlight the major success of MIPS- 
HAp coatings developed in recent times, the chapter provided the most 
focused yet elaborate attention on the relative efficacies of the HAp coatings 
deposited by the MAPS and MIPS processes. 

Now it needed to be emphasized that the microstructural elements that 
make a coating up are a matter of extraordinary importance. This is what 
Chapter 4 was all about. There we discussed not only the porosity, crystallin- 
ity, and stoichiometry, but also the splat size and its distribution, microcrack 
size and its distribution, etc., of the HAp coatings. Although situations per- 
taining to both MAPS- and MIPS-HAp coatings were discussed, the truth is 
that on a comparative scale, relatively more detailed discussion was devoted 
to the latter type of coatings rather than the former. It was described in detail 
how a phase-pure MIPS-HAp coating with 80-92% crystallinity and a rela- 
tively higher porosity of -20% in the plan and -11% across the cross section 
is developed from HAp granules of appropriate size fraction. In addition, it 
was explained why the degree of crystallinity and the volume percentage 
porosity of the MIPS coatings were much higher than those usually reported 
for the conventional MAPS-HAp coatings. Post-heat treatment improved the 
degree of crystallization in the coating. Interesting roles of the dehydroxyl- 
ation and rehydroxylation processes in the as-sprayed and post-heat-treated 
coatings were established from the analysis of the relevant Fourier transform 
infrared (FTIR) data. Scanning electron microscopy (SEM) and field emission 
scanning electron microscopy (FESEM) studies of the coating confirmed that 
the coating microstructure was extremely heterogeneous. They revealed that 
the MIPS-HAp coatings were dotted with the presence of macro- and micro- 
cracks, inter- and intrasplat cracks, macropores, micropores, and unmelted 
HAp particles. An image analysis technique provided information on various 
important microstructural parameters, e.g., average splat size, splat aspect 
ratio, and micropore and microcrack sizes. The coating had a splat size of 
-50-70 pm, macropore size of -10-50 pm, and micropore size of -1 pm. The 
thickness of the MIPS-HAp coating was measured as -210 pm. As revealed 
by FESEM photomicrographs and volume percent porosity data obtained 
from image analysis of the heterogeneous microstructure, the anisotropy 
present in the nanohardness data was linked to the larger volume percent 
porosity (p), as well as higher spatial density of planar defects, pores, and 
cracks in the plan section over those in the cross section. In this connec- 
tion, a qualitative model was schematically developed to pictorially depict 
the genesis of anisotropy in nanohardness of the present MIPS-HAp coat- 
ing. Finally, the best fit for the porosity dependence of combined hardness 
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data from literature and the present work was given by an empirical generic 
equation of the form X = X 0 exp (-bp), where X stands for nanohardness ( H ) 
or Young's modulus ( E ), as the case may be. The exponential dependence 
of £ and H on porosity estimated E 0 as 117.4 GPa and H 0 as 5.92 GPa, which 
were comparable to literature data, where the suffix 0 stands for theoretically 
dense, e.g., zero-porosity, material. Thus, the volume fraction open porosity 
also played an important role in anisotropy of nanohardness in the present 
MIPS-HAp coating. Further, it was elucidated why the Young's modulus of 
thermal spray deposits is influenced not only by the volume percent of open 
porosity, but also by the pore morphology. The shape of the pore or void 
could be spherical, elliptical, or a superimposition of spherical and elliptical 
pores/voids altering the aspect ratio. Experimental evidence gathered for the 
present MIPS-HAp coating also suggested that the pores could be spheri- 
cal, elliptical, penny, or thin crack shaped in nature. Therefore, taking this 
aspect of the microstructure into account, the Young's moduli along the plan 
section, E n , and cross section, E 22 , of the coating had been predicted by the 
spherical pore model, elliptical pore model, penny-shaped pore model, and 
thin crack-shaped pore model. Finally, it was illustrated that values of £ n , E 22 
and the anisotropy factor, i.e., the ratio between E 22 and E n , predicted with 
the penny-shaped pore model matched the best among all models with the 
experimentally measured data of the present MIPS-HAp coatings. 

It is important not only to develop a MIPS-HAp coating with good nano- 
mechanical properties, but also to make sure that they are stable when in 
contact with the physiological medium during the service lifetime. Thus, the 
subject matter of Chapter 5 was naturally chosen to be the typical results 
of a systematic investigation on the dissolution of MAPS- and MIPS-HAp 
coatings following immersion in the simulated body fluid solution. As the 
amount of studies reported on the latter type of coatings is far from sig- 
nificant, major importance was devoted to the in-depth investigation of the 
dissolution of MIPS-HAp coatings, rather than on the MAPS-HAp coatings. 
The first emphasis was placed on the different types of physical, chemi- 
cal, and microstructural changes that can happen following immersion. 
Simultaneously, it was attempted to illustrate the signatures correspond- 
ing to these changes and the relevant experimental techniques that are to 
be utilized to pick these signatures up. Finally, it was attempted to explain 
how and why these changes happen. The data obtained from the inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) results confirmed 
that after the first day of immersion in the simulated body fluid (SBF) solu- 
tion the dissolution of Ca and P was dominant. The additional results found 
from X-ray diffraction (XRD), FTIR, SEM, environmental scanning electron 
microscopy (E-SEM), and energy-dispersive X-ray spectroscopy (EDX) exper- 
iments, however, confirmed that after the fourth day and up to 14 days after 
immersion, the deposition of fine-needle-like nanostructured apatites was 
the dominant process. The results obtained from the ICP-AES experiments 
confirmed that when the MIPS-HAp coatings deposited on biomedical-grade 
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SS316L substrates were immersed in the SBF solution up to a time period of 
as high as 2 weeks of immersion time, the leaching of toxic chromium and 
iron metal ions did not happen. The results presented in Chapter 5 strongly 
suggest that the stability of the MIPS-HAp-coated implants on SS316L for 
biomedical prosthesis applications is reliable. 

As described in the aforesaid chapters, the MIPS-HAp coatings have good 
nanomechanical properties and are stable in SBF solution. But having these 
attributes cannot necessarily guarantee that they will have macromechani- 
cal properties like bonding strength, shear strength, fatigue properties, 
etc., acceptable or good enough for practical applications. That is why in 
Chapter 6 we discussed why macromechanical properties like the bonding 
strength, shear strength, fatigue properties, etc., of FIAp coatings are par- 
ticularly important when FIAp coatings will be used in in vivo implantation. 
For FIAp coatings processed by different methods, the comparison of bond- 
ing strengths and other properties was provided. Of course, comparatively 
more importance was devoted to plasma sprayed coatings in general, and 
the MIPS-HAp coatings in particular. The different factors influencing bond- 
ing strength, shear strength, and fatigue behavior were discussed in detail. 
Further, under the controlled prefixed stress level, how HAp-coated metallic 
substrate will behave during the three-point bending test was discussed, 
with particular emphasis on propagation of the crack front during the test. 
The results of the crack front propagation showed that the microstructure of 
the MIPS-HAp coating had an inherent strain-tolerant nature. 

Now the question that naturally arises is: How good are the mechanical 
properties of the MIPS-HAp coatings at the microstructural length scale? 
That is why the major effort in Chapter 7 was to understand the different 
aspects of the micro/nanomechanical properties, like nanohardness, elastic 
modulus, and fracture toughness of various HAp coatings evaluated at the 
local microstructural length scale. In the discussion, more importance was 
given to the relevant micro/nanomechanical properties of plasma sprayed 
HAp coatings in general, and MIPS-HAp coatings in particular. This par- 
ticular chapter discussed in detail the nanoindentation technique. It was 
emphasized that this technique is one of the potential tools to characterize 
micro/nanomechanical properties at the local microstructural length scale 
of thin films and coatings. The literature scenarios regarding nanohardness, 
elastic modulus, and fracture toughness of HAp coatings were explicitly 
explained. Scatter of data that had happened during the nanoindentation 
study on MIPS-HAp coatings was discussed. Further, it was illustrated how 
this scatter can be treated in terms of a two-parameter Weibull distribution. 
MIPS-HAp coatings contain defects, microcracks, and porosity that finally 
affect the indentation size effect. In this context, the inherent complexity 
of the indentation size effect was explained. In addition, the huge impor- 
tance of fracture toughness evaluation at the microstructural length scale 
was highlighted. More stress was put on indentation-based fracture tough- 
ness measurement in general, and nanoindentation-based fracture toughness 
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measurement in particular. Finally, the scenario of microstructure/crack 
interaction was shown to explain why MIPS-HAp coatings have high frac- 
ture toughness. The results obtained in Chapter 7 finally highlighted that 
the MIPS-HAp coatings had nanohardness. Young's modulus, and fracture 
toughness comparatively higher than those of the HAp coatings deposited 
by the MAPS process. 

So far the MIPS-HAp coatings have shown both good nano- and macro- 
mechanical properties under quasi-static conditions and good stability in 
SBF. But that does not necessesarily ensure that they will not fail during 
exposure to dynamic load when in service. Thus, an essential requirement 
for further application of the MIPS-HAp coatings is the characterization and 
qualification in terms of micro/nanotribological properties. Hence, the focus 
of Chapter 8 was solely on the tribological properties, investigated by both 
scratch and fatigue tests of HAp coatings. Nanoscratch tests on the MIPS- 
HAp coatings, with both constant and ramping loads, showed no signature 
of microfracture, delamination, or peel-off, thus possibly corroborating 
the presence of a strain-tolerant microstructure. The microscratch test on 
the MIPS-HAp coatings at the ramping normal loads also did not show any 
large-scale delamination or coating peel-off, except at very high loads, e.g., 
10-10.6 N. The average coefficient of friction was about ~0.4 for as-sprayed, 
but reduced further for the polished MIPS-HAp coating. In general, g of the 
as-sprayed MIPS-HAp coating was slightly higher than that of the polished 
MIPS-HAp coating, due to the higher surface roughness ( R a - 0.4 pm) and 
porosity (-20%) of the former. The coefficients of friction for the MIPS-HAp 
coating were SBF immersion time dependent. However, the microscratch 
tests conducted at even a relatively higher ramping load (e.g., 10-10.6 N) 
showed no large-scale delamination or coating peel-off, which proved the 
stability of the coating after immersion in a synthetically produced body 
fluid environment. A thorough study of the relevant literature revealed that 
there has been no fatigue study reported yet for MIPS-HAp coatings. Thus, 
the MIPS-HAp coatings appeared to have not only good macro- and nano- 
mechanical properties, but also good micro- and nanotribological proper- 
ties. Also, these MIPS-HAp coatings had good stability in SBF solution, as 
discussed in the earlier chapters. 

But it needs to be emphasized here that even when a given coating has 
good mechanaical and tribological properties and compositional stability, 
it could still fail from the presence of residual stress. Hence, this particular 
aspect of utmost importance was highlighted for HAp coatings in Chapter 9. 
The origin of residual stress and why it is harmful for in vivo application of 
HAp coatings were explained in this chapter. Further, several techniques for 
measuring residual stress were discussed. In addition, the relative merits 
and demerits of different methods for measurement of residual stress were 
critically assessed. The residual stresses of HAp coatings prepared by MAPS, 
MIPS, and other processes were extensively compiled. Further, the efficacy 
and applicability of the newly evolved nanoindentation-based technique 
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was established by examining the residual stress state in MIPS-HAp coat- 
ings deposited on Ti-6A1-4V and SS316L substrates. It was further demon- 
strated that the magnitude and nature of residual stress states estimated by 
the nanoindentation-based measurement technique closely matched those 
evaluated by the well-established XRD-based measurement technique. The 
results presented Chapter 9 confirmed that the MIPS-HAp coatings had 
compressive residual stress active at the surface. 

Thus, the results presented in Chapters 4-9 established the reasonably 
good combination of macro- and nanomechanical properties, micro- and 
nanotribological properties, high fracture toughness, and a strain-tolerant 
microstructure with high porosity and crystallinity, along with the presence 
of a small compressive residual stress at the surface of the MIPS-HAp coat- 
ings. They also possessed good stability even when exposed to SBF solutions 
for a prolonged period of up to 2 weeks. Therefore, it was decided to exam- 
ine the efficacy of the MIPS-HAps coatings in a given animal model. That is 
why Chapter 10 presented, for the very first time, a study on the compara- 
tive healing performance efficacies of uncoated and MIPS-pure HAp-coated 
intramedullary SS316L pins for bone defect fixation in New Zealand white 
rabbits. The results of the biochemical, histological, radiographic, and fluoro- 
chrome labeling studies proved more bone bonding and osseointegration 
in the MIPS-HAp-coated metallic pins. In fact, such a generic process has 
led to complete bone defect healing that was not possible to attain with the 
uncoated metallic pins. In other words, the MIPS-HAp-coated intramedul- 
lary SS316L pins have a performance efficacy that is much superior to that 
of uncoated metallic pins for repairing bone defects in the New Zealand 
white rabbits. In addition, it has been well documented that the superior 
efficacy of the MIPS-HAp-coated metallic implants matched the results of 
additional research conducted by other researchers in goat and dog mod- 
els. Thus, it may be suggested that MIPS-HAp-coated or CaP-coated metallic 
implants will surely have a very promising future for repairing bone defects. 
The results derived from these developmental efforts strongly suggest that 
with further optimization of the microstructure, mechanical, functional, and 
tribological properties, on the one hand, and the residual stress, on the other, 
a possibility for human trials of the MIPS-HAp coatings may emerge in days 
to come. 

There is no doubt that even given the phenomenal development in many 
varieties of bioactive ceramic coatings, especially the MIPS-HAp coatings, 
the scope of further enhancement in their properties and efficacy is tremen- 
dous. Hence, Chapter 11 briefly discussed the scope of future work in this 
exciting field of research. Many new possibilities of the MIPS process in bio- 
medical applications have been hinted at to encourage more developmental 
and application-oriented research in this area, where every small success 
can indeed mean a big stride in relief for millions in the ailing population in 
both developing and developed nations. Finally, ah major conclusions were 
summarized in this chapter. 




COLOR FIGURE 2.3 

Microplasma spraying setup at CSIR-CGCRI, Kolkata: (a) electrical power unit, (b) primary 
(Ar) and secondary gas (Ar) chamber, (c) cooling unit, (d) plasma gun setup with external pow- 
der feeder, and (e) MIPS-HAp coating process in progress with a rotating holder. 




COLOR FIGURE 2.4 

Schematic representation of PLD process. 
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COLOR FIGURE 2.5 

Schematic representation of cold spray process. 
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COLOR FIGURE 2.6 

Schematic representation of EHDA process. 
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COLOR FIGURE 4.8 

Schematic of the structure and nature of the MIPS-HAp coating. (Reprinted from Dey et al.. 
Journal of Materials Science, 44: 4911-4918, 2009. With permission from Springer.) 
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COLOR FIGURE 4.20 

(a) Predicated variation of E u as a function of the volume fraction of void, (b) Schematic of 
variations in pore shapes: void aspect ratio from 0.01 to 1. 
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COLOR FIGURE 5.3 

(a) Change of Ca and P concentration with time of immersion shows the dissolution followed 
by a deposition of CaP compounds. (C and f stand for concentration and immersion time, 
respectively.) (Reprinted from Dey and Mukhopadhyay, International Journal of Applied Ceramic 
Technology, 11: 65-82, 2013. With permission from American Ceramic Society and Wiley.) 

(b) Chromium and iron leaching show almost nil concentration even after 14 days of acceler- 
ated dissolution test in a SBF environment. 
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COLOR FIGURE 5.5 

(a) FTIR spectra of the MIPS-HAp coating before and after SBF immersion. Enlarged view 
showing the location of (b) OH and (b) C0 3 and P0 4 characteristic peaks. (Reprinted from Dey 
and Mukhopadhyay, International Journal of Applied Ceramic Technology, 11: 65-82, 2013. With 
permission from American Ceramic Society and Wiley.) 




COLOR FIGURE 6.1 

A typical image of the MIPS-HAp coating on SS316L cylindrical substrate (both diameter and 
length of ~25 mm) of different thicknesses, e.g., 100, 200, and 300 |im (on left side onward), 
and grit-blasted uncoated SS316L cylindrical substrate before the coating (on extreme right 
side image). 





COLOR FIGURE 6.2 

Arrangements before bonding strength measurement: two identical SS316L cylindrical stubs 
(e.g., top one coated and bottom one uncoated) joined with adhesive tape and cured in oven 
for several hours. 




COLOR FIGURE 6.4 

Arrangement for three-point bending test of MIPS-HAp coating on SS316L substrate (HAp 
coated surface is kept in the bottom, i.e., tensile side). 
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COLOR FIGURE 7.3 

Weibull distribution plots of nanohardness at (a) low (10-100 mN) and (b) high (300-1000 mN) 
loads. Weibull distribution plots of Young's modulus at (c) low (10-100 mN) and (d) high (300- 
1000 mN) loads. 






COLOR FIGURE 7.4 

Weibull modulus of (a) nanohardness and (b) Young's modulus as a function of load of the 
MIPS-HAp coatings, (c) Model of indenter-MIPS-HAp coating interaction. (Reprinted/modified 
from Dey et al v Ceramics International, 35: 2295-2304, 2009. With permission from Elsevier. 
Reprinted/modified from Dey et al.. Journal of Materials Science, 44: 4911-4918, 2009. With per- 
mission from Springer.) 
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COLOR FIGURE 7.7 

(a) Load-depth plots from nanoindentation experiments on MIPS-HAp coating at 700 mN on 
plan section and cross section. Ratio of (b) nanohardness data of the cross section ( H cs ) and plan 
section (H ) as a function of load (replotted from Dey and Mukhopadhyay, Advances in Applied 
Ceramics, 109: 346-354, 2010) and (c) Young's modulus data of the cross section ( E cs ) and Young's 
modulus data of the plan section (E ps ) as a function of load. 
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COLOR FIGURE 8.2 

Coefficient of friction of the MIPS-HAp coating as a function of scratch time. Red line repre- 
sents the average of five scratch test data. 




COLOR FIGURE 8.3 

In situ SPM photomicrographs (image scan size: 10 x 10 pm) of the region of the MIPS-HAp 
coating on which the nanoscratch experiments were performed (a) in topographical and 
(b) in gradient mode, showing that no peel-off occurred after the 100 pN constant normal force 
nanoscratch experiments. 




COLOR FIGURE 8.5 

Optical micrographs of the MIPS-HAp coating (a) before (starting and end points of the scratch 
test marked x and y, respectively) and (b) after (the arrow indicates the direction of scratch- 
ing) the nanoscratch testing by ramping the normal force from 0 to 700 mN. (Reprinted/ 
modified from Dey et al.. Journal of Thermal Spray Technology, 18: 578-592, 2009. With permission 
from Springer.) 
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COLOR FIGURE 8.6 

Data on the variations of (a) normal ramping load, (b) lateral force, (c) acoustic emission, and 
(d) coefficient of friction as a function of sliding distance for the as-sprayed MIPS-HAp coating. 
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COLOR FIGURE 8.10 

Data on the variations of (a) normal ramping load, (b) lateral force, (c) acoustic emission, and 
(d) coefficient of friction as a function of sliding distance for the polished MIPS-HAp coating. 




COLOR FIGURE 8.13 

Variations of the coefficient of friction (COF) of the MIPS-HAp coating as a function of slid- 
ing distance before and after immersion in the SBF solution. (Reprinted/modified from Dey 
and Mukhopadhyay, International Journal of Applied Ceramic Technology, 11: 65-82, 2013. With 
permission from Wiley.) 




COLOR FIGURE 9.1 

Schematic representation of stresses acting on a residually stressed body. (Adopted/modified 
and redrawn from Yang et al., Biomaterials, 21: 1327-1337, 2000. With permission from Elsevier.) 
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COLOR FIGURE 9.2 

Schematic of nanoindentation processes on a (a) freestanding coating without substrate and 
bonded coating with a (b) compressive and (c) tensile stress. 




COLOR FIGURE 10.1 

SS316L intramedullary pins: (a) uncoated and (b) MIPS-HAp coated. 




COLOR FIGURE 10.2 

Progressive steps (marked as arrows from right to left) of implantation of MIPS-HAp-coated 
intramedullary pin into the New Zealand white rabbit: deliberate creation of defect by micro- 
drilling, closing muscle layers, and closure out of the skin. 
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COLOR FIGURE 10.3 

Changes in (a) serum alkaline phosphatase activity (IU/L), serum calcium estimation (mg/dl), 
and serum phosphorous level (mg/dl) at different durations of fracture healing for animals 
inserted with uncoated and MIPS-HAp-coated pins. (Reprinted/modified from Dey et al.. 
Ceramics International, 8: 1377-1391, 2011. With permission from Elsevier.) 




COLOR FIGURE 10.4 

Radiographic observation at the fracture site, taken at (a) 0 and (b) 60 days post-operatively 
for the MIPS-HAp-coated pins. The arrow in (a) indicates the artificial defects created in bone, 
and the arrow in (b) indicates the complete annihilation of the bone defect by newly formed 
osseous tissue, and thus established cortical continuity. (Reprinted/modified from Dey et al.. 
Ceramics International, 8: 1377-1391, 2011. With permission from Elsevier.) 




COLOR FIGURE 10.5 

Histopathology photomicrographs of (a) uncoated and (b) MIPS-HAp-coated pins inserted in 
rabbits. (Reprinted/modified from Dey et al.. Ceramics International, 8: 1377-1391, 2011. With 
permission from Elsevier.) 






COLOR FIGURE 10.6 

Fluorochrome labeling study: photomicrograph of (a) uncoated and (b) MIPS-HAp-coated pins 
inserted in rabbits. (Reprinted/modified from Dey et al v Ceramics International, 8: 1377-1391, 
2011. With permission from Elsevier.) 




COLOR FIGURE 11.1 

MIPS-HAp-coated Ti-6A1-4V dental implants (screw). 




COLOR FIGURE 11.2 

Before (grit blasted) and after MIPS-HAp coating on different-shaped SS316L hip implants 
(length, 155 mm for largest size, 140 mm for smallest size). 





COLOR FIGURE 11.3 

Before and after MIPS-HAp coating on SS316L acetabular shell (outer diameter, 48.35; inner 
diameter, 39.75 mm). 




COLOR FIGURE 11.4 

MIPS-TCP-coated intramedullary pin. (Reprinted/modified from Dey et al.. Ceramics 
International, 8: 1377-1391, 2011. With permission from Elsevier.) 





Materials Science 



There has been enormous growth in the use of medical implants. However, 
in the case of hip replacement, loosening of metallic prosthesis fixed 
with polymethylmethylacrylate bone cement has resulted in painstaking 
revision surgery, which is a major problem for the patient, surgeon, and 
biomedical technology itself. In fact, global recognition of this problem led 
to the development of cementless fixation through the novel introduction 
of a bioactive hydroxyapatite (HAp) coating on biomedical-grade metallic 
implants. Since then, a wide variety of coating methods have evolved to make 
the HAp coatings on metallic implants more reliable. 

Microplasma Sprayed Hydroxyapatite Coatings discusses plasma spraying 
and other related HAp coating techniques, focusing on the pros and cons 
of macroplasma sprayed (MAPS)- and microplasma sprayed (MIPS)-HAp 
coatings. The book begins by explaining what a biomaterial really is, what the 
frequently used term biocompatibility stands for, and why it is so important 
for biomaterials to be biocompatible. It then: 

• Examines the structural, chemical, macromechanical, micro/ 
nanomechanical, and tribological properties and residual stress 
of HAp coatings 

• Evaluates the efficacies under simulated body fluid immersion for 
MAPS- and MIPS-HAp coatings developed on biomedical implant- 
grade SS316L substrates 

• Offers a comprehensive survey of state-of-the-art in vivo studies of 
MIPS-HAp coatings, presenting the results of pioneering research 
related to bone defect fixation 

Shedding light on the future scope and possibilities of MIPS-HAp coatings, 
Microplasma Sprayed Hydroxyapatite Coatings provides a valuable ref- 
erence for students, researchers, and practitioners of biomedical engineering 
and materials science. 
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